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BACKGROUND

Nondestructive testing (NDT) devices are being widely used to

evaluate the load-carrying capability of pavements for air carrier and

highway pavements. Evaluation procedures have been developed using vari-

ous types of NDT devices for these pavements. Phase I of this study

evaluated commercially available NDT devices for use on light aircraft

pavements (design gross loadings less than 30,000 lb). Phase II, re-

ported herein, is to develop a methodology for evaluation of light air-

craft pavements based upon multilayered elastic models and limiting

stress/strain criteria.

PURPOSE

The purpose of Phase II of this study is to develop an evaluation

procedure based on a multilayered elastic procedure for evaluating pave-

ments that support aircraft with gross weights of less than 30,000 lb.

The evaluation will determine the allowable gross aircraft load for a

given number of operations.

SCOPE

This study will utilize data only from nondesLructive testing

devices similar to the Model 2008 Road Rater. Although concepts for

the model are general and would probably apply to any of the other

devices evaluated in the Phase I study, this device alone was used in

development of the evaluation methodology.



DEVELOPMENT OF THE EVALUATION METHODOLOGY

REVIEW OF NDT EVALUATION PROCEDURES

Since a number of NDT pavement evaluation procedures have been

developed, a cursory review will be made to outline the confines for

which this methodology was restricted.

Green and Hall 2 reported a procedure that uses the U. S. Army

Engineer Waterways Experiment Station (WES) 16-kip vibrator. This pro-

cedure uses a dynamic load sweep at a constant frequency of 15 Hz. Only

the center deflection is measured and the resultant parameter (dynamic

stiffness modulus (DSM)) is computed as the inverse slope of the upper

third of the load deflection relationship. The DSM is correlated di-

rectly with allowable single-wheel load. The procedure utilizes the

U. S. Army Corps of Engineer (CE) California Bearing Ratio (CBR) design

for flexible pavements and the Westergaard theory for rigid pavements.

Weiss 3 reported a layered elastic evaluation procedure using re-

sults from the WES 16-kip vibrator. This procedure is used to predict

the subgrade modulus. Since the Model 2008 Road Rater produces a 4000-

lb peak load (8000-lb peak to peak) as compared with 15,000-lb peak for

the WES 16-kip vibrator, this procedure could not be readily adapted.4
Yang reported a procedure that uses the WES 16-kip vibrator and

a frequency sweep where the dynamic load is held constant and the fre-

quency is varied between approximately 5 and 50 Hz. This procedure

predicts the subgrade modulus.

The frequency sweep test requires approximately 10 times the

amount of time to conduct as a load sweep. WES research indicates that

the data derived from a frequency sweep do not warrant the extra time

required to collect. Pavement material properties are frequency-

dependent. Therefore, another variable is introduced to the evaluation

method that must be accouated for.

Treybig et al. 5 reported a layered elastic evaluation/overlay de-

sign procedure using the Dynaflect testing device. In this procedure,

the modulus values of the upper layers are assumed. Samples are taken

of the granular base and subbase and subgrade materials, which are

2
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tested in the lahorittory using n dynamic load tl'inxial tc t. to determinew

th'. renilient modulus. By use of tho deflect. ion fl ri the nmber olie

s;'rnsor of the Dynaflect and azumed or laboratory modulus values, the

modulus of the subgrade is determined through a series of nomographs.

This modulus is compared with the laboratory results of resilient modu-

lus versus deviator stress. Through a series of approximations of

stress and modulus that parallels the laboratory relationship, the design

modulus is predicted. The basic concepts of the Treybig procedure are

similar to the approach being reported except that a goal in developing

this procedure is not to require destructive sampling and laboratory

testing.

Koole6 reported a layered elastic evaluation/overlay design pro-

cedure using the Falling Weight Deflectometer. The deflection at the

center of the applied load and the ratio of that deflection to a deflec-

tion some distance away from the applied load were used. The pavement

was characterized by a three-layer system. The subgrade modulus and

either the asphaltic concrete (AC) modulus or the AC thickness are deter-

mined in this procedure. The modulus values for the AC layer (if the

thickness is to be determined) and layer 2 are determined from laboratory

results or from construction records. The effective thickness of the

surface layer is determined. From these values, the layered elastic

theory is used to predict allowable or overlay requirements.

Anani7 reported results using the Model 400 Road Rater. The

Model 400 Road Rater, described in detail in Phase 1 of this study,

applies a peak-to-peak dynamic load of approximately 720 lb to the

pavement through two 4- by 7-in. pads spaced 6 in. apart. Four sensors

are used to monitor deflections. One is located between the pads while

the other three are spaced at 1-ft intervals.

Anani used the BISAR computer program developed by the Shell Oil

Company with successive approximation techniques to determine the elastic

moduli of the pavement layers. Using up to a four-layer system, the

procedure approximated the E values by the following equation:

E()new  = E(1)old x RRD(I) + A(I) RRD(I)

3



where

E(I) = modulus value for layer Inew

E(I)old = previous assumed modulus value for layer I

RRD(I) = measured deflection corresponding to layer I, i.e.,

deflection No. 4 is dependent on layer 4 and deflec-
tion No. 3 is dependent on layer 3, etc.

A(M) = deflection from BISAR associated with E(I)old

Other procedures have been developed by Sharpe
8 and Ullidtz

9

that predict modulus values for pavement systems using the layered

theory and nondestructive testing devices. These procedures use two

deflection measurements from the deflection basin.

As shown above, a number of researchers used nondestructive

testing and the layered elastic theory to evaluate and design overlays

for pavements. The procedure developed in this study will incorporate

some of the stronger points of those procedures as well as add some new

approaches.

EXPERIMENTAL DATA

The data used in developing this procedure were collected on the

Pennsylvania Transportation Research Facility (PTRF) and on selected

pavements at the WES. The PTRF is a one-mile track located at Pennsylvania

State University. Fifteen items were tested with the Model 2008 Road

Rater in June 1978. From 1 to 20 tests were conducted on each item.

The deflections used in this study will be the average of those tests.

These averages are given in Table 1 for the 7000- and 5000-lb force

levels. The pavement structures of the 15 items are given in Table 2.

Also shown in Table 2 are the number of equivalent 18-kip axle loads

(EAL) that were applied to the pavement items prior to testing. The

surface conditions of the items were good except for items 3, A, and C.

These items exhibited some surface distress such as longitudinal and

alligator cracking.

Two test pits were excavated in the PTRF to obtain samples of the

granular subbase material and the subgrade. Undisturbed block samples

and bag (disturbed) samples were taken of the subgrade. Bag samples

were also taken of the subbase. Resilient modulus tests were conducted

I1
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on these samples in accordance with the procedures outlined in Appendix

A. Average results of the subgrade tests are presented in Figure 1.

Tt should be noted that undisturbed samples gave higher modulus values

than disturbed samples. The granular subbase results are presented in

Figure 2

RELATIONSHIP OF LAYERED ELASTIC
THEORY TO METASURED DEFLECTIONS

GENERAL

The first assumption in developing this procedure is that dynamic

deflections correspond to those deflections predicted from the layered

elastic theory. To validate this assumption experimental data were com-

pared with results from two computer programs. The first is the Shell

BISAR computer program, based on the layered elastic theory, which re-

lates stress and strain in each layer to a load applied at the surface

of a pavement. The other program, entitled CHEVIT, 10gives a nonlinear

approach to the solution of the modulus of the lower layers by using

laboratory stress-modulus relationships for granular and subgrade layers.

Those layers are divided into sublayers for which the stress is calcu-

lated initially, and from the laboratory stress-modulus relationship a

new modulus is computed. With this modulus, the program again computes

the stress. The program iterates until a solution is obtained for

modulus and stress.

LINEAR ANALYSIS

To determine the applicability of the deflection basin to the

layered elastic analysis, the BISAR computer program was initially used.

The modulus values for the AC surface layers were obtained from the 16-

Hz relationship 11presented in Figure 3. An evaluation of data collected

with the WES 16-Rip vibrator on specially constructed temperature sections

at the WES was made using the 16-Hz modulus versus temperature relation-

ships. The test sections were small (approximately 20 by 20 ft) and

consisted of varying thickness of AC over a lean clay (CL) subgrade.

The design of these sections considered the thickness of AC to be the

only variable. Tests were conducted over a wide range of temperatures.

Modulus values for the AC as determined from Figure 3 were used in the

8
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TEMPERATURE, OF

Figure 3. Modulus-temperature relationships for

AC surfacing (1 psi = 703 kg/m2 ; 1 F = -170 C)

(after Kinghan and Kallas
1 )

BISAR program to predict deflections. Good correlation was obtained for

the temperature test section between the deflection ratios (deflection

at a given temperature to deflection at 70°F) obtained from the experi-

mental results and the results from the BISAR. Therefore, the relation-

ships presented in Figure 3 were selected for determination of the AC

modulus values.

Modulus values for the pavement layers other than the AC surface

layers of the PTRF were estimated from construction data and based on

laboratory results that were collected during the initial construction

(not the laboratory results presented in this report). Poor agreement

was obtained between the BISAR deflections and the measured deflections

for the PTRF sections. Therefore, it was concluded that it is extremely

difficult to estimate correct modulus values for pavement layers that

have been subjected to extensive traffic and environmental effects.

NONLINEAR ANALYSIS

An analysis was then made using the CHEVIT nonlinear program.

10



The granular subbase layer was characterized by the laboratory relation-

ships shown in Figure 2. The subgrade resilient modulus relationships

in Figure 4 represent the averages of the undisturbed sample tests.

Figure 5 shows a typical pavement section (PTRF item 1A). The initial

estimate for the modulus of the nonlinear layers, as well as the modulus

for the linear layer, is given. Pavement sections for all of the PTRF

items are shown in Table 2.

The summation of the strains in the bottom layer to infinity by

the layered elastic model tends to give larger deflections than the

measured values. To compensate for this effect, a rigid layer was

placed in this system model at a depth of 20 ft below the surface.

Figure 6 shows a comparison of predicted deflections with and without

the rigid boundary to the measured deflections. Note that the basins

predicted from CHEVIT using the rigid layer agree better with the Model

2008 Road Rater basins than those predicted without the rigid layer.

2509-

- -Sneed # m

542s- dd1 SIl PI

r2 Fn91.M
5=. I PI

U 5 18 15 2do 2
DEVIATOR STRESS. O'd PSI

Figure 4. Relationship of subgrade resilient
modulus and deviator stress used in CHEVIT
(1 psi = 703 kg/m2 )

11
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(M,-)4= 40.000PSI V4=0.3 h4=B.5 IN.

(M)5= 10.OOPSI V5 = 0.4 hs- 10 IN.

(W) a= 10. 000 PS I V6= 0. 4 h6 =20 IN.

(M,)7= 10.000PSI V'7 0.4 h7=30 IN.

NONLINEAR
LAYERS

(M,)s= 10.OO0PSI V8=0.4 he- 30 IN.

SUBGRADE

STRESS CALCULATION POINTS

(M0)g- 10.OOOPSI Vg=0. 4 hQ= 122 IN.

(LINEAR)
(M) It - 1. 000. 000 PSI VJ is- 0. 5 h1-00

Figure 5. PTRF item 1A pavement section breakdown 2
for CHEVIT input (1 in. = 2.54 cm; I psi = 703 kg/m
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Basins are shown for each of the 15 test items of the PTRF in

Figures 7 through 11. Tests with both 5000- and 7000-lb loads were con-

ducted and compared with CHEVIT results. Note the good agreement in the

basin data for those sections without the lime and cement-treated base

courses. The modulus values for the lime and cement-treated layers were

taken from construction records. The heavy traffic on the PTRF at the

time of test apparently resulted in cracking of these stabilized layers.

Therefore, the stabilized layers had much lower moduli values at the

time of the test than those values used in the CHEVIT analysis. This

fact explains the variance in measured and predicted deflections in

items 3, A, C, E, F, and G shown in Figures 8, 10, and 11. From the

results, it appears that the deflection basin is a measurement that can

be modeled with a layered elastic theory and, therefore, used to predict

the strength parameters of the pavement layers.

EFFECTS OF STATIC PRELOAD

The effects of the static load applied to the pavement surface as

a preload with the Model 2008 Road Rater were analyzed using the CHEVIT

program. Figure 12 illustrates loading versus time for the Model 2008

Road Rater for the 5000- and 7000-lb tests. The sinusoidal loading ap-

plies a minimum and a maximum force to the pavement surface. The magni-

tudes of these forces range from 500 to 6500 lb for the 5000-lb peak-to-

peak force level and from 500 to 7500 lb for the (000-lb peak-to-peak

force. The CHFVIT progran was run with forces of 6500 and 1500 lb, and

the differences (diff) in predicted deflections from each run were

calculated to model the sinusoidal loading of the Road Rater. The re-

sults were compared to a run where the force was 5000 lb. Table 3 shows

the results of these calculations for PTRF items 1A, 1B, and 2. A maximum

difference of 6.3 percent occurred at the 5000-lb force level at 12 in.

from the center of the load; however, the percent difference was prac-

tically negligible for most comparisons. This analysis indicates that

the effect of the static load for computer modeling of the Road Rater

results is negligible particularly when the vibrator is operated near

the maximum output. Therefore, the static load will be neglected In the

determination of the layer modulus values.
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..1. .. - w _ _

0i

i] t7 KIP P-P LOAD

2 1 STATIC PRELOAD 
5 KIP P-P LOAD

i s 4

°1

7

TIME

Figure 12. Load versus time history for 5000- and 7000-lb
(5- and 7-kip) loads of the Model 2008 Road Rater (1 kip =

4.448 kN)

Table 3

Comparison of the Effects of Static Preload

on PTRF Items IA, IB, and 2 Using the CHEVIT Program

,flections, mils, at
Lead Cited Distances, in.
1b 0 9 12 18 214 36 48 60

P'TRF IA

6500 6.086 5.232 4.620 3.532 2.712 1.666 1.027 0.715
1500 1.567 1.39 1.12 1 0.91] 0.692 o.408 0.239 0.161

Diff 5000 4.519 3.883 3.426 2.621 2.020 1.258 0.788 0.554

5000 4,797 4.125 3.6b3 2.782 2.130 1.294 0.790 0.54(
Percent
Dif'ference 6.2 6.2 6.3 6.1 5.4 2.9 0.3 -1.4

7500 6.925 5.954 5.257 14.022 3.095 1.913 1.187 0.829

500 0.5143 0.468 0.412 0.317 0.240 0.140 0.080 0.053

Diff 7000 6.382 5.486 4.842 3.705 2.855 1.773 1.107 0.776

(Continued)

Note: I lbf = 4.448 N; I in. 2.54 cm.
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Table 3 (Concluded)

Deflections, mils, at

Load Cited Distances, in.
lb 0 9 12 18 24 36 48 60

7000 6.507 5.594 4.940 3.778 2.904 1.790 1.107 0.772
Percent
Difference 2.0 2.0 2.0 2.0 1.7 1.0 0.0 -0.5

PTRF 1B

6500 7.128 5.829 5.014 3.598 2.641 1.589 0.970 0.69L
1500 1.849 1.511 1.299 0.922 O.660 0.372 0.217 0.153

Diff 5000 5.279 4.318 3.715 2.676 1.981 1.217 0.753 0.541

5000 5.614 4.588 3.944 2.820 2.057 1.221 0.739 0.528
Percent
Difference 6.3 6.3 6.2 5.4 3.8 0.3 -1.9 -2.4

7500 8.120 6.644 5.718 h.1l3 3.030 1.837 1.127 0.806

500 0.6146 O. 29 0.455 0.323 0.229 0.126 0.072 0.0050

Diff 7000 7.474 6.115 5.263 3.790 2.801 1.711 1.055 0.756

7000 7.625 6.237 5.366 3.856 2.835 1.713 1.048 0.750
Percent
Difference 2.02 2.0 2.0 1.7 1.2 0.1 0.6 -0.8

PTRF 2

6500 6.071 5.116 4.492 3.405 2.613 1.618 1.001 0.696
1500 1.471 1.238 1.086 0.817 0.620 0.374 0.226 0.157

Diff 5000 4.600 3.878 3.406 2.588 1.993 1.244 0.775 0.539

5000 4.706 3.963 3.477 2.630 2.013 1.240 0.764 0.532
Percent
Difference 2.3 2.2 2.1 1.6 1.0 -0.3 -i.4 -1.3

7500 6.983 5.887 5.171 3.925 3.018 1.874 1.161 0.807
500 0.502 0.423 0.371 0.279 0.211 0.126 0.075 0.052

Diff 7000 6.481 5.464 4.800 3.646 2.807 1.748 1.086 0.755

7000 6.527 5.501 4.831 3.665 2.815 1.746 1.080 0.751
Percent
Difference 0.7 0.7 0.6 0.52 0.3 -0.1 -0.6 -0.5

DETERMINATION OF LAYER MODULUS VALUES FROM BASIN DATA

DEVELOPMENT

The deflection basin produced by applying a load to the pavement

21



with the Model 2008 Road Rater gives four input parameters to the system

analysis that can be used to derive the strength parameters of the pave-

merit layers. A program called CHLVDEF was developed to determine a set

of modulus values that provide the best fit between a measured deflection

basin and a computed deflection basin when fivw.r ani initial estimate of

the modulus values, a range of modulus va].urwr, and a set of measured de-

flections.

Consider the pavement sy.s'tem where:

a. The modulus is unknown for a number of layers (NL).

b. The deflection due to plate load is measured at a number of

deflection (ND) locations.

c. ND is greater than NL .

The objective is to determine the set of E's that will minimize

the error between the computed deflection A and the measured deflection

RRD . To accomplish the objective, a relationship was developed for the

deflection at a point j as a function of the unknown E's , i.e.,

Aj = f(El, E 2 -. E NL

then the error at a position where the deflection was measured is

RRD. - A. = RRD - f(E; E E
.R J ., . NL

This expression i.s then squared and summed with respect to each measured

deflection

1 ERROR 1: - fj (E1 . EN)
J=1 j=l

To minimize the error with respect to an unknown E , the partial deriva-

tive of the error function is taken with respect to the E . By taking a

derivative with respect to each unknown E , then a set of NL equations

is obtained that can be solved giving the set of E's for the minimum

error between the measured basin and the computed basin.

First, a set of E values is assumed and the deflection A0  is' j

computed corresponding to the measured deflection RRD . Each unknown

22



E is varied individually arid .n new set of deflections is comput.ed for

ezi:h variation. Uszing lhOw two cornputed deClectiotis nd (tic two v:ihwz'

of a-ar-h E , a furict.ion i s determined for ach del'iection. For ex-uIale,

let

E£ = log 1 0 E

Then the deflection at location 1 is given as a function of E, i.e.,

A, = All + Sl EL1

where
0 1AI -A I

1 0

E1 1 1111

E0 0

Al 11 AI  SIIEI

E1 logl0 of first assumed value of1

E 1 = log10 of E1  after the variation

A computed deflection at position 1 for E~o1 1

A computed deflection at position 1 for E
A1
A1 = computed deflection at position 1 for

Likewise, functions are determined for each deflection and each unknown

E , resulting in j = 1 to ND and i = 1 to NL . Then

A'j = A ji + Sji Ei

To write an expression for A. as a function of all E's , the fol-

lowing is used

A0 + (changes in AO due to changes in the E's)Aj J Si

0 1 ,tecag
Consider when the modulus of layer changes from E1  to E1

in A would be S j(E - E 0 )J i 1 1

Thus NLR

A = A + 1iS ji (E i -  E t° )

23
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The value of A0  can be expressed in terms of any of the unknown E't

i.e., F

A0 =A +; EQ0
:1 JNL .INL NL

The expression for" A. now becomes

NLA A + S EZ 0 _+SJ ( E t E 0
Aj =ANL + SjNLE NL + i- E ° )

The error squared for the Jth position is (RRD - A )2  or
2 or

ERROR = RRDj - [AjNL + SjNLEY NL + S ji(EPi - E X° )
~RRD~ ~i=l J 1

The summation of the error for all readings is

ND ND NL 2
2 = '~~ IAN iF 0 kERROR. = j R - JNL + S+ N +T S .E -(Ek.)ji

j=lJ J=li SL iNL I

If a weight term W for each reading is to be applied, then the expres-

sion becomes

2 ND 0 NL 1 -2

Ij - (ERROR) 2 = ( j - +JNL + SjNLENL + i (j=1 Jj--.

Taking the partial with respect to each E and setting the partial equal

to zero, the following is obtained:

j j RRD - + 0  + I S.i(E. - EX.i[ JNL jNL+ S NL 1i=

If the equations derived are put in the form

[B] {E} = {C}

the {C} terms are the constant part of the equation. For k = I to NL

ND [ NL 1
k SjkWj R (AjNL + jNLE NL - S-i J )

J=1

and the [B] for k lIto NL and i = 1 to NL is

ND
Bki = I SjkWjSji

j=1
24j



If the weight term is chosen to be W = -i. the result is the same as

developing the equation 
from

RRDj - A

ERROR = RRDjiJ

which is a percent type error. The solution of the equation is the set

of E's that minimizes the percent error. The efficiency of the proce-

dure will depend on how well the functions represent the actual relation-

ship between the computed deflection and the E's

It appears that as long as the final E values are within the

initial input limits, the A = f(log10 E) is a good representation of

the relationship.

A computer program named CHEVDEF, consisting of the procedure

described above, was used in developing the pavement evaluation proce-

dure reported herein. CHEVDEF uses the CHEVRON layered elastic program

as a subroutine to compute surface deflections. A flowchart, input

format, example input, example output, and a listing of CHEVDEF are

presented in Appendix B.

The limitations of this approach are that the layered elastic

theory assumes a uniform pressure applied to the surface of the pavement.

With the Model 2008 Road Rater, the load is applied through a rigid cir-

cular plate with the center deflection measured on top of that plate.

Therefore, a difference does exist in the measured center deflection and

a deflection computed from layer elastic procedures at the center of the
12

load area, as illustrated by Fossberg in Figure 13. Note that the

elastic layer solution and field data coincide at approximately three-

fourths of the radius of the plate. In order to determine the optimum

spacing for the deflection measurements, computations such as shown in

Figures 14 and 15 were made with the CHEVDEF program for flexible and

rigid pavements, respectively. Spacing distances of 0, 4-5, 6, and 9

inches were used for the computations. Varying these distances caused

little change in the subgrade modulus for either the flexible or the

rigid pavement. There was variation in the surface modulus on the

flexible pavement. Based on the temperature-frequency relationship

presented in Figure 3, the modulus of the asphalt layer should be

520,000 psi. Thus, from Figure 15, a distance between 4.5 and 6 in.

appears to produce the best results.
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RADIAL OFFSET, IN.

10 20 30 40 50 60

2

4

6
0

i I

Uj
w

i- 12

I. FINITE ELEMENT WITH
14 LOADING PLATE

a:
16

FIELD TEST DATA

5-LA YER ELASTIC,
18 NO LOADING PLATE

20

Figure 13. Patterns of resilient

deflectiors under a 2h-in.-diameter

plate (pIate pressure = 4 psi) di-

rectly on the subgrade (I in. =

2.51, cm) (after Fossberg1 2 )

SENSITIVITY ANALYSIS

To evaluate the accuracy of the CHEVDEF, an analysis was made on

a thin and a thick pavement section. The CHEVRON program was used to

calculate deflections for the two pavement sections. These deflections

were used as measured deflections for this analysis so that an error

associated with field measurements would be eliminated. Tables 4 and 5

present the results. The modulus values listed as correct values in

these tables were input to the CHEVRON program to give the deflections

that were used as measured deflections in CHEVDEF. In the first case,

the initial estimate for modulus was higher than the correct values.

The initial estimate was lower than the correct values for the second

26
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C $;. In the third case, th," i' rititil . .rIt. ate w:s :i l ienunt ed 1bet enu

'.w and high values. The progrram re~asonably reproduced all modulus-

values for the thick section but varied from the correct values for ihe

thin upper layers for the thin section. The values for the the two

bottom layers were very close even for the thin section.

To determine the reproducibility for different spacings of deflec-

tions, the data for the thick section were selected. Table 6 lists the

results of this analysis. No significant difference occurred due to the

location of the deflection with respect to the final value of modulus

for up to four layers.

Another check was made on a typical section with a stiff (stabi-

lized) layer. Table 7 summarizes the results. Again the program pro-

duced a good approximation of the correct values for the four-layer sys-

tem.

To determine the sensitivity of the CHEVDEF program to the

Poisson's ratio of each layer, an analysis was made using the thick sec-

tion. The Poisson's ratio was varied between 0.2 and 0.5 for each

layer. Figure 16 shows the change in modulus values for these varia-

tions in the Poisson's ratio. There is little effect on the predicted

modulus values when the Poisson's ratios for layer 2 and layer 3 are

varied. The variations are large in layer 1 and layer 2 when the

Poisson's ratios of layer 1 and layer h are varied. In all cases,

there is little variation in the modulus of the lower layers.

A Poisson's ratio of 0.35 will be assigned to all layers above

the subgrade, and a ratio ef 0.4 will be assigned to the subgrade.

PREDICTION OF LAYER MODULUS VALUES

The CHEVDEF program was used to predict modulus values for the 15

PThF test items. Table 8 presents the results. Layer 1 include. al

the AC material, and the modulus value for this layr wuai taLken !'r'm

the 16-Hz relationship in Figure 3. The pavement temperature was com-
]3

puted from the surface temperature plus the previous five-day mean.

Basins predicted from the program were not plotted against the

measured basins, but the small differences can be seen in the column

entitled "Absolute Sum of Differences in Deflections." In each case,

this is the sum of the differences in four deflections.
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The stress produced in the subgrade by the Model 2008 Road Rater

may not be the stress associated with the design aircraft load. 7," --

count for this, two loads were analyzed (5000 and 7000 1b). The ,111odi lu

val uc and stresses (vertical, lorigitudil1, and radial) at the f-op o

the subgrade were calculated for each load level. With these values, a

relationship between the modulus and the deviator stress can be developed

for stress-dependent subgrades. Table 8 also shows the slope of the

line and the intercept, as well as the bulk stress at the top of the

subbase layer. There appears to be no relationship to the laboratory

results for these values. The values of E for the granular layer are

values that satisfy the model deflection basin. The granular material

without a binder has very few load transfer properties through bending.

Therefore, the model predicted lower modulus values. Associated with

the low modulus value is a high vertical strain in that layer, which is

considered a problem in using the layered elastic theory to model

granular materials.

DETERMINATION OF SUBGRADE MODULUS FOR EVALUATION

Results from the CHEVDEF program give the relationship for the

deviator stress and the modulus for the subgrade materials in the form

E = SoD + I

where

E = subgrade modulus

S = slope

aD = deviator stress

I = intercept

It is known from Hooke's Law and by definition for resilient modulus that

E=(
C

where c represents the strain. By substituting and rearranging

E SEc + I

or
I1 - SC
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If a limiting vertical compressive strain is selected, the modulus of

the subgrade can be calculated. For comparisons used in this stud,.

a value of 0.0006 in./in. was selected. This value was taken frehI nI

average line drawn on Figure 17 ind represents 500,000 repetitions or

25,000 arrival/departures per year for 20 years. The equation for the

average line is given as

BC= ANB

v

where
£ = limiting vertical compressive strain in subgrade, in./in.

v
A = o.oo63548

N = number of strain repetitions

B = -0.17985

The modulus values in Table 9 associated with that strain level will be

used for the evaluation of these pavements.

COMPARISON OF SUBGRADE MODULUS VALUES

The design modulus can also be computed from laboratory

resilient modulus test results as outlined in Appendix A. The best-

fit line for deviator stresses between 5 and 12 psi was calculated and

then presented in Table 9. A comparison of the mean subgrade modulus

values from the CHEVDEF program analysis (14,201 psi) to the laboratory

results (12,864 psi) seems very reasonable.

Another comparison was made to the subgrade strength parameters
2

derived from the DSM method reported by Green and Hall. The PTRF fa-

cility was tested with the WES 16-kip vibrator at the same time that

testing was conducted with the Model 2008 Road Rater. Table 10 sum-

marizes results of the DSM evaluation. The subgrade strength factor is

the equivalent of the design CBR for the subgrade. The factor is calcu-

lated as the CBR required to support a single-wheel load with a 254-sq-

in. contact area for 1200 annual departures. The load on the wheel is

determined by a correlation with the measured DSM. The relationship of

1500 times CBR was used to compare the design modulus values for the DSM

method and for the layered elastic procedure (Figure 18). Except for

two items (PTRF items 4 and B) that had very low deflections and high

DSM's due to stabilized layers, subgrade strength design parameters

approximate each other.
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Table 9

Deviator Stress - Resilient Modulus

Relationships from Laboratory Tests

Sample Type Slope Intercept Design E*
No. Sample S I ps i

I-1 Remolded -1279 18,428 10,424
1-2 Remolded -1052 15,632 9,585
II-1 Undisturbed -1181 20,811 12,182
11-2 Undisturbed - 932 22,581 l4,484
III-1 Remolded -3342 45,998 15,305
111-2 Remolded -1049 15,089 9,261
III-3 Undisturbed -1773 38,808 18,80

Mean = 12,864

Standard Deviation = 3,512

2
Note: 1 psi = 703 kg/m
* Based on strain level of 0.0006 in./in.

Table 10

DSM Evaluation of the PTRF

Temperature Allowable Gross
Corrected Subgrade Aircraft Load, kips

PTRF DSM Strength 254 sq-in. 127 sq-in.
Item* kips/in. Factor Single Wheel** Single Wheelt

IA 1210 6.95 11.3 86.8
1B .008 9.29 92.7 79.9
2 1331 18.9*r 122.4 103.8
3 813 '1179 74.7 58.3
4 2286 26.4 210.3 181.9
5 863 9.58 79.4 61.6
6 1.542 15.9 141.9 116.8
7 1254 15.2 115.4 96.9
8 657 9.05 60.4 45.5
A 605 11.1 55.7 40.2
B 1634 25.6 150.3 131.9
c 661 8.85 60.8 45.5
E 708 6.49 65.1 48.2
F 859 9.5 79.0 61.3
G 689 9.15 63.3 47.5

Note: 1 kip = 4.448 kN; 1 kip/in. = 1.75 kN/cm; 1 sq in. 6.45
Sq cm.

See Table 2 for a descri.rttion of these pavements.
** 1,200 annual departurcc, 20-year life.

t 25,000 annual departurs, 20-year life.

38

-* .' - .



35 DESIGN SUBSRADE MODULUS. KSI

bU

S25

I "
291

15-

5-

a 5 is 15 20 25 ;0
LAYERED ELASTIC METHOD

Figure 18. Comparison of subgrade modulus

by the DSM and layer elastic method (1 ksi =

6.89 MPa)

EVALUATION OF ALLOWABLE AIRCRAFT LOADS

For the evaluation of the allowable aircraft loads, the PAVEVAL

computer program reported by Weiss 3 was used. For flexible pavements,

this program calculates the vertical compressive strain at the top of

the subgrade and the tensile strain at the bottom of the AC layer.

These strains are compared to the limiting strain criteria reported by
14

Barker and Brabston. For rigid pavements, the limiting tensile stress

in terms of the number of load (stress) repetitions from Parker et al.
15

is considered as

R
0RL A + B log (coy)

where

aRL = limiting value of tensile stress, psi

R = flexural strength, psi

A = 0.58901
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B = 0.35486

coy = number of coverages (The number of coverages is determined
by dividing the number of aircraft departures by the
departure-to-coverage ratio. The ratio used for single-
wheel gears was 7.94 and for dual-wheel gears was 5.2.)

Example inputs and outputs t'or eva u'tion of light aircraft allowable

loads on rigid and flexible pavements are given in Appendix C. A com-

parison of the allowable gross loads for the PTRF items was made be-

tween the DSM method and the layered elastic procedure (Figure 19).
For comparison purposes, the design loads were calculated for a single-

wheel aircraft with 127-sq-in. contact area and 25,000 annual departures.

ALLOWABLE GROSS LOAD. KIPS

175-

150

0I

125-

o /
(D

0-.

W

100--

00

75H

0 ,

50 se IV

0 25 50 75 100 125
LAYERED ELASTIC THEORY

Figure 19. Comparison of allowable gross
aircraft loads from the DSM and layered
elastic methods (1 kip = 4.448 kii)
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For the laycred elastic OeVUl 11tion, .1|t modulu it o' the AC w,.-

lected as 770,000 psi, which corrusponds to the 7('IF temperature ill

Figure 3. The modulus of the subbase and base course layers (E2 in

three-layer items, and E2 and E3 in four-layer items) were taken from

the 7000-lb load in Table 8.

The allowable loads calculated from the DSM method are generally

higher than those calculated using PAVEVAL. The controlling strain is

shown in Table 11 for each of the PTRF items. The lower allowable loads

for the layered elastic evaluations are probably due to the tensile

strain controlling and being based on the initiation of a crack in the

bottom of the AC rather than the crack propagating through the AC to the

surface as was the case in the DSM evaluation (CBR Design System).

Table 11

Allowable Gross Aircraft Loads

from PAVEVAL

Allowable Gross Controlling Strain
PTRF Aircraft Load Vertical Tensile
Item kips Subgrade AC

IA 54.7 X
lB 44.2 X
2 52.6 x
3 37.9 X
4 92.6 x
5 82.1 x
6 77.9 x
7 75.8 x

8 44.2 x
A 61.1 X
B 120.0 X

C 23.2 x
E 27.4 x
F 31.6 x
G 31.6 x

Note: 1 kip = 4.448 kN.

A limited amount of testing was conducted on rigid pavements to

verify the applicability of this procedure. Tests with the Model 2008

Road Rater were conducted on a portland cement concrete (PCC) road with

41



the pavement structure as shown in Figure 20. Laboratory resilient modu-

lus tests were not conducted on the subbase but were conducted on the

subgrade material (Figure 21).

Table 12 presents the CHEVDEF program results for this rigid pave-

ment. The ,;iibtrude modulus :;olevtcd I"or evaluation for rigid pavements

i:: the moduliu:: that is associated with a 5-psi deviator stress 1 5 and is

calculated directly from the slope and intercept derived from the devia-

tor stress-modulus relationship for the 5000- and 7000-lb loads.

Also shown in Table 12 is the modulus for 5-psi deviator stress

from the laboratory resilient modulus test. CBR tests were taken to

depths of 30 in. The sample taken from the 30- to 4 5-in, depth indicated

a higher strength material (Figure 20). Therefore, the predicted sub-

grade modulus seems to be a reasonable estimate of the subgrade strength.
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NONDESTRUCTIVE EVALUATI ON PROCEDURE

GENERAL

The procedure outlined in this section is for both rigid and flex-

ible pavements and is based on a layered elastic model that characterized

multilayered pavement systems. The layer strength parameters are corn-

puted from field in situ measurements. The strength parameters will be

input into an evaluation program that is designed to handle multiwheel

aircraft at varying traffic levels. The output will be computed as the

allowable load for a 20-year design life pavement. The evaluation will

be valid for conditions existing at the time of test and will not account

for changes due to such factors as frost action or moisture in the sub-

grade. These factors should be accounted for through conventional proce-

dures.

NONDESTRUCTIVE TESTING EQUIPMENT

The need for a device with variable loading characteristics is

required to describe the nonlinear characteristics of the subgrade mate-

rial. Laboratory resilient modulus tests would be required to describe

these nonlinear characteristics when the description cannot be derived

from the NDT data.

The NDT device must output a minimum of three deflections of which

one is measured near the applied load and the others are spaced to a dis-

tance of at least 36 in. from the applied load. The number of deflec-

tion measurements limits the number of variable modulus layers that can

be analyzed with this procedure. It is recommended that the magnitude

of the first deflection (that deflection measured nearest to the applied

load) be at least 0.2 mil.

DATA COLLECTION

PAVEMENT INFORMATION

Before evaluating a light aircraft pavement, information as to

pavement types, layer thicknesses, and layer types must be derived from

construction records or from destructive tests (cores or test pits).

This information is required for the evaluation of allowable load as well

as for the determination of NDT locations. If test pits or cores are



requi reid, thse tf:sts shiild to' I.(I trrro -(I 11' t-1i' NDT. Are L: of

rn' low deflections should hI. inchuded with areas selected through a

cinventional sampling procedure to identify the causes of these unique

UDT responses. Rigid pavement cores or beams should be tested for

flexural strength.

The pavement condition should be surveyed to determine the areas

and types of distress. It i not. within the scope of this procedure to

outline a detailed condition n-i1ysis. Since material properties are

affected by water, frost, and primarily environmental conditions, it may

be necessary to reduce the strength parameter for anticipated freeze/thaw

conditions, alligator cracking in flexible pavements, and the presence

of Joints and cracks in rigid pavements.

TEMPERATURE DATA

Temperature data are required for AC pavements to evaluate the

pavement properties at the time of testing and the ability of the pave-

ment system to support future operations. The pavement temperature

during the time of testing is determined at the mid-depth of the AC

layer, the pavement surface, ambient temperature, and the previous five-

day mean air temperature from Figure 22.13 The pavement surface tempera-

ture should be measured at one-hour intervals during the period of

testing. The mean air temperature can be obtained from the nearest

office of the National Oceanographic and Atmospheric Administration.

To evaluate the pavement system for future operations, the average

daily maximum temperature and average daily mean temperature is needed

for the hottest months and the spring thaw months. These data can also

be obtained from the nearest office of the National Oceanographic and

Atmospheric Administration.

NDT TEST DATA

NDT should be conducted at 100-ft intervals alternating to either

side of the center line in the wheelpaths on flexible pavements. Rigid

pavement tests should be conducted in the slab center also alternating

to either side of the feature center line. A minimum of five tests

should be conducted in each pavement type. Parking aprons should be
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tested on a 200-ft grid system. Testing should not be conducted when

the pavement or subgrade is frozen.

The NDT device should be operated at the f'requency that produkes

the be.t. signal response. For the Model 2008 Road R:jter, this frcqucrwy

is 15 1Hz. Deflection basin data should be collected at t;he maximum force

output of the device and at a force level of 50 to 75 percent of the maxi-

min force output.

DETERMINATION OF LAYER MODULUS VALUES

The CHEVDEF program provides a tool with which the modulus values

of up to four layers can be predicted. The CHEVDEF program input guide,

typical input, and program listing are furnished in Appendix B. Sensi-

tivity studies presented earlier in this report showed that the moduli

of the subgrade and other lower layers in the pavement system reproduce

well even when the surface moduli may differ. Also since the model

assumes a uniform pressure and the Model 2008 Road Rater applies a rigid

plate to the pavement, it is recommended that the modulus values of the

surface layer be assigned as described below.

For flexible pavements, the modulus of the AC should be determined

from Figure 3. The pavement temperature can be computed from the surface

temperature plus the previous five-day mean air temperature (Figure 22).

The depth should be the midpoint of the AC thickness.

Table 13 gives approximate ranges for the modulus of the pavement

materials. These ranges represent very broad limits that should be

compressed for the CHEVDEF program. For example, if a pavement with a

cement-stabilized base is evaluated and the traffic history indicates

very little heavy traffic has been appLied, a range for the stabilized

base should be selected between 600,000 and 1,500,000 psi.

NDT results should be analyzed by plotting the number one sensor

deflection versus the distance along the feature. Pavement areas should

be divided according to pavement types and pavement deflections. For

each area, each deflection of the basin should be averaged to determine

the mean deflection basin.

D 1  YD D2D - = D etc.

n 1 n
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where
D1 = deflection from number one sensor

n = number of tests in particular items

D= deflection to be used for evaluation

The mean deflection values for each pavement area should be input to

CHEVDEF in mils.

Table 13

Typical Ranges for Modulus Estimates

and Poisson's Ratio Values for Pavement Layers

Range of Modulus Assigned Value

Material 103 psi of Poisson's Ratio
*AC 100 - 1000 0.35

PCC 4oo - 6000 0.15
Untreated base 2 - 160 0.35
Treated base 8 - 2000 0.35
Subgrade 2 - 37 O.h

2Note: 1 psi = 703 kg/m

* Temperature- and frequency-dependent.

In analyzing the results from the CHEVDEF program, it is impor-

tant to check the predicted modulus for a layer against the limit. If

the modulus does hit a limit, the program should be rerun modifying the

limits to include the predicted E disregarding boundary conditions

(see Appendix B, Example Output).

The highest load should be evaluated first with the CHEVDEF. The

values for the modulus for the upper layers obtained from this run may

be used for constant values when running the lower load to determine the

relationship of stress versus modulus for the subgrade. For example, if

the pavement contains three layers, consisting of AC, granular base, and

subgrade, the modulus for the AC and granular layer as determined from

the initial run of the high load should be held constant at the values

for the run at the lower load.

Once the modulus values and deviator stress are obtained, the

following equations are used to describe the nonlinearity of the subgrade:

IC



E - E2

D7 'D5

and

I = I - OD7

where

= slope

E = predicted modulus for high load (7000 lb for 2008 Road Rater)

L2 = predicted modulus for low load (5000 lb for 2008 Road Rater)

aD7 = deviator stress (vertical - radial stress) for 7000-lb load

aD5 = deviator stress (vertical - radial stress) for 5000-lb load

I = intercept

After determining the S and I for the equation above, calcu-

late the limiting strain for AC pavement from Figure 17 based on the

design life of the pavement, and compute the design subgrade modulus

from the equation given below:

I

E=1 - Se

where

E = design subgrade modulus, psi

c = limiting strain

For rigid pavements, the design subgrade modulus will be selected

at a deviator stress of 5 psi, or

E = 5S + I

DETERMINATION OF ALLOWABLE AIRCRAFT LOADS

The PAVEVAL program presented by Weiss 3 will be used to predict

allowable aircraft loads. Example inputs for both rigid and flexible

pavements are shown in Appendix C. Aircraft characteristics 16 for light

aircraft pavements are:

Gross Contact
Max/Load Departure to Area Wheel

Type kips Coverage Ratio sq in. Spacing, in.

Single 20 7.94 127 --

Dual 30 5.2 75 18

Note: 1 kip = 4.448 kN; 1 sq in. = 6.45 sq em; 1 in. =
2.54 cm.
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The modulus for the AC surface layer should be determined based on a design

pavement temperature for input to Figure 3. The method of selecting the

design pavement temperature for this evaluation is taken from Brabston

et al.17  Witczak18 presents a relationship between pavement temperature

and air temperature (Figure 23) that can be used to determine the design

pavement temperature if the corresponding design air temperature is

known. For this design procedure, the design air temperature for a par-

ticular locale is determined by averaging the average daily maximum

120 r
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Figure 23. Relationship between design pavement temperature
and design air temperature (I F - 7 C)
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temperature and the average daily mean temperature for the design ronth.

Generally, the set of average temperatures will be necessary only for

the hottest month indicated in the reporting period.

Thid method of calculating a design modulus for the AC layer is

conservative. Other procedures have been reported by Barker and Brabstonl1

and Koole.6 Modulus values of those layers of base and subbase should

be selected from the CHEVDEF output for the high-load (7000-1b) data.

These values approximate the stress of the light aircraft and should be

representative for the behavior when an elastic model is used.

The PAVEVAL program has the capability of calculating AC and PCC

overlays. These procedures are available in the Weiss 3 report but were

not evaluated for use in light aircraft pavement design as a part of

this study. The computer program listed in Appendix B may be repro-

duced for use by any interested party.
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CONCLUSIONS AND RECOMMENDATIONS

This study has resulted in the development of an evaluation pro-

cedure for light aircraft pavements based on a layered elastic model.

Nondestructive pavement test results are used to predict the layer

strength parameters that can be input into a layered elastic model to

predict the allowable load-carrying capacities of both rigid and flex-

ible pavements containing either stabilized or nonstabilized layers.

The deflection basins measured from the NDT device at two force

levels are used for input to a system that predicts the nonlinear

stress-dependent behavior of the subgrade material. Results compare

favorably with laboratory resilient modulus tests.

It is recommended that this procedure be adopted for use in eval-

uating light aircraft pavements. Further study should be conducted to

make this approach applicable to air carrier airport pavements. The use

of a finite element code for the modeling of a rigid plate and the non-

linear behavior of the granular materials should be included in future

studies.
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APPi1ENDIX A: LABOI{ATORY PHOCEDUIIU P'OR DFTERM]'11INO
THE RESILUNT MODULU; OF "IiGRADFE S;Oiu3

The objective of this test procedure is to determine a modulus

value for subgrade soils by means of resilient triaxial techniques. The

test is similar to a standard triaxial compression test, the primary ex-

ception being that the deviator stress is applied repetitively and at

several stress levels. This procedure allows testing of soil specimens

in a repetitive stress state similar to that encountered by a soil in a

pavement under a moving wheel load.

DEFINITIONS

The following symbols and terms are used in the description of

this procedure:

a. I = total axial stress.

b. a3 = total radial stress; i.e., confining pressure in the
triaxial test chamber.

C. d = aI - 03 = deviator stress; i.e., the repeated axial
stress in this procedure.

d. = total axial strain due to d

e. = d/El = resilient modulus.

f. a 01 + 2o3 = Gd + 3C3 = sum of the principal stresses in the
triaxial state of stress.

E. 1/03 = principal stress ratio.

h. Load duration = time interval over which the specimen is
subjected to a deviator stress.

i. Cycle duration = time interval between successive applications

of a deviator stress.

SPECIMENS

Various diameter soil specimens may be used in this test, but the

recommended specimen diameter is 2.5 to 3.0 in. or approximately four

times maximum aggregate size. The specimen height should be at least

twice the diameter. Undisturbed or laboratory molded specimens can be

used. Procedures for obtaining undisturbed soil specimens are given in

* This procedure is taken from the report by Barker and Brabston.lh
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Engineer Manual 1110-2-1907, "Ooil -3uplin. ' 19 Methods for Labornt.ory

preparation of molded specimens and for back-pressure saturation of

specimens, if required, are presented in EM 1110-2-1906, "Laboratory

Soils Testing." 
2 0

EQUIPMENT

TRIAXIAL TEST CELL

A triaxial cell suitable for use in resilience testing of soils

is sW, .n in Figure A-1. This equipment is similar to most standard cells,

with the exceptions of being somewhat larger to facilitate the internally

mounted load and deformation measuring equipment and having additional

outlets for the electrical leads from the measuring devices. For the

type of equipment shown, air or nitrogen is used as the cell fluid.

The external loading source may be any device capable of pro-

viding a variable load of fixed cycle and load duration, ranging from

simple cam-and-switch control of static weights or air pistons to a

closed-loop electrohydraulic system. A load duration of 0.2 sec and a

cycle duration of 3 sec have been found to be satisfactory for most ap-

plications. A square-wave load form is recommended.

DEFORMATION MEASURING EQUIPMENT

The deformation measuring equipment consists of linear variable

differential transducers (LVDT's) attached to the soil specimen by a

pair of clamps. Two LVDT's are used for the measurement of axial deforma-

tion. The clamps and LVDT's are shown in position on a soil specimen in

Figure A-1. Details of the clamps are shown in Figure A-2. Load is meas-

ured by placing a load cell between the specimen cap and the loading

piston as shown in Figure A-1.

Use of the type of measuring equipment described above offers

several advantages:

a. It is not necessary to reference deformations to the equipment,

which deforms during loading.

b. The effect of end-cap restraint on soil response is virtually

eliminated.
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c. Any lff(':c ts of piston F1riction arct' o, imi nat.,d by mezisuriiitr

loads inside the triaxial cell.

In addition to the measuring devices, it is also necessary to

maintain suitable recording equipment. It is desirable to have simul-

taneous recording of load and deformation. The number of recording

channels can be reduced by wiring the leads from the LVDT's so that only

the average signal from each pair is recorded. The introduction of

switching and balancing units permits use of a single-chamber recorder.

However, this will not permit simultaneous recording.

ADDITIONAL EQUIPMENT

In addition to the equipment described above, the following items

are also used:

a. A 10- to 30-ton-capacity loading machine.

b. Calipers, a micrometer gage, and a steel rule (calibrated to
0.01 in.).

c. Rubber membranes, 0.01 to 0.025 in. thick.

d. Rubber o-rings.

e. A vacuum source with a bubble chamber and regulator.

f. A back-pressure chamber with pressure transducers.

E. A membrane stretcher.

h. Porous stones.

PREPARATION OF SPECIMENS AND PLACEMENT IN TRIAXIAL CELL

The following procedure should be followed in preparing and

placing specimens:

a. In accordance with procedures specified in EM 1110-2-1906,20

prepare the specimen and place it on the base-plate complete
with porous stones, cap, and base and equipped with a rubber
membrane secured with 0-rings. Check for leakage. If back-
pressure saturation is anticipated for cohesive soils, pro-
cedures indicated in Appendix X to EM 1110-2-1906 for the
Q-type triaxial tests should be followed. For purely non-
cohesive soils, it will be necessary to maintain the vacuum
during placement of the LVDT's. The specimen is now ready
to receive the LVDT's.

b. Extend the lower LVDT clamp and slide it carefully down over
the specimen to approximately the lower quarter point of the
specimen.

c. Repeat this step for the upper clamp, placing it at the upper
quarter point. Insure that both clamps lie in horizontal
planes.
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d. Connect the LVDT's to the recording unit, and balance the re-
cording bridges. This step will require recorder ad.,us-rnents
and adjustment of the LVDT tems. When :,a roeordingt bridge
balarlei, has been obtained, determrle (io the nearest. 0.01 in.)
the vrtical spacing between the IVDT (,lamps and record this
value.

e. Place the triaxial chamber in position. Set the load cell in

place on the specimen.

f. Place the cover plate on the chamber. Insert the loading
piston, and obtain a firm connection with the load cell.

. Tighten the tie rods firmly.

h. Slide the assembled apparatus into position under the axial
loading device. Bring the loading device to a position in
which it nearly contacts the loading piston.

i. If the specimen is to be back-pressure saturated, proceed in
accordance with EM 1110-2-1906.

After saturation has been completed, rebalance the recorder
bridge to the load cell and LVDT's.

RESILIENCE TESTING OF COHESIVE SOILS

The resilient properties of cohesive soils are only slightly af-

fected by the magnitude of the confining pressure 03 . For most appli-

cations, this effect can be disregarded. When back-pressure saturation

is not used, the confining pressure used should approximate the expected

in situ horizontal stresses, which will generally be on the order of 1

to 5 psi. A chamber pressure of 2 psi is a reasonable value for most

testing. If back-pressure saturation is used, the chamber pressure will

depend on the required saturation pressure.

Resilient properties are highly dependent on the magnitude of the

deviator stress od * It is therefore necessary to conduct the tests for

a range in deviator stress values. The following procedure should be

followed:

a. If back-pressure saturation is not used, connect the chamber
pressure supply line and apply the confining pressure (equal
to the chamber pressure). If back-pressure saturation is
used, the chamber pressure will already have been established.

b. Rebalance the recording bridges for the LVDT's, and balance
the load cell recording bridge.

c.Begin the test by applying 1000 repetitions of a deviator
stress of not more than one-half the unconfined compressive
strength.
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d. Decrease the deviator load to the lowest value to be used.

Apply 200 repetitions of load, recording the recovered verti-

cal deformation at or near the last repetition.

e. Increase the deviator load, recording deformations as in
Step d. Repeat over the range of deviator stresses to be

used. It is recommended that 3, 5, 7, 12, 15, 17, 20, 22,
and 25 1--i be used.

f. At the completion of the loading, reduce the chamber pressure

to zero. Remove the chamber LVDT's and load cell. Use the

entire specimen for the purpose of determining the moisture
content.

The results of the resilience tests can be presented graphically

as shown in Figure A-3 for the resilient modulus and in the form of a

summary table such as Table A-1.
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Figure A-3. Presentation of results of rsilience

tests on cohesive soils (1 psi = 703 kg/m
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RESILIENCE TESTING OF COHESIONLESS SOILS

The resilient modulus of coheslonless soils NR is derendent

upon the magnitude of the confining Pressure 0i3 :1nd is nearly indepen-

dent of the magnitude of the repeated axial stress. Therefore, it is

necessary to test cohesionless materials over a range of confining and

axial stresses. (The confining pressure is equal to the chamber pressure

less the back pressure for saturated specimens.) The following proce-

dures should be used fou. this type of test:

*a. Use confining p,,essures of 5, 10, 15, and 20 psi. At each
confining pressure, test at five values of the principal
stress difference corresponding to multiples (1, 2, 3, 5) of
cell pressure.

b. Before beginning to record deformations, apply a series of
conditioning stresses to the material to eliminate initial
loading effects. The greatest amount of volume change occurs
during the application of the conditioning stresses. Simula-
tion of field conditions suggests that drainage of saturated
specimens should be permitted during the application of these
loads but that the test loading (beginning in Step I below)
should be conducted in an undrained state.

c.Set the axial load generator to apply a deviator stress of
10 psi (i.e., a stress ratio equal to 3). Activate the load
generator and apply 200 repetitions of this load. Stop the
loading.

d. Set the axial load generator to apply a deviator stress of
20 psi (i.e., a stress ratio equal to 3). Activate the load
generator and apply 200 repetitions of this load. Stop the
loading.

e.Repeat as in Step d above maintaining a stress ratio equal to
6 and using the following order and magnitude of confining
pressures: 10, 20, 10, 5, 3, and 1 psi.

f. Begin the record test using a confining pressure of 1 psi and
an equal value of deviator stress. Record the resilient
deformation after 200 repetitions. Increase the deviator
stress to twice the confining pressure and record the resilient
deformation after 200 repetitions. Repeat until a deviator
stress of 5 times the confining pressure is reached (stress
ratio of 6).

j.Repeat as in Step f above for each value of confining
pressure.

h. When the test is completed, decrease the back pressure to zero,
reduce the chamber pressure to zero, and dismantle the cell.
Remove the LVDT clamps, etc. Remnove the soil specimen, and
use the entire amount of soil to determine the moisture content.
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Test results should be presented in the form of a plot of log !

versus log of the sum of the principal stresses as shown in Fitgu"re A-L.

Calculations can be performed using thu tabular arrangement shown in

Table A-2.

a.

-0

Z R I

irh

0
-J

LOG SUM OF PRINCIPAL STRESSES P. Psi

Figure A-h. Presentation of results of resilience

tests on cohesionless soils (1 psi = 703 kg/m2 )
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APPENDIX B: CHEVDEF PROGRAM

[NTRODOCTIOB

The CHEVDEF program takes measured deflections from a deflection

basin with initial estimates and ranges of layer modulus and computes

the modulus values that best describe the input deflection basin. A

linearly layered elastic computer program originally developed by

Chevron Oil Company is used as a subroutine to calculate the stress,

strains, and deflections.

The information provided herein is as follows:
a. Flowchart.

b. Input guide.

c. Example input.

d. Example output.

e. Program listing.

FLOWCHART

A flowchart describing the logic of the program is presented on

the following page.
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FLEc TONS. t LIMITSF p-u-T- TT.LTEi oE.,;.TT.NG FACTOR I 
I

INPUT. INIT 'AL E;%A8

CALL CHEVRON BASELINE

COMPUTE SUM OF ERROR FROM COMPUTE BAS ELEINE
I DIFF OF DEFLECTIONS DE L.Fr!TIONS

Et

YES 
is

ERROR - TOL

NO

YES is YES is
THIS FIRST

SUN ERROR ZTERATION

No 
NO

E-ALT -EMIN COMPUTE FOR EACH
LAYER AN E ALT

E-ALT -EMAX

IONCALL CHEVRON COMPUTE DEFLECT -- ]FOR EACH LAYER FOR CHANGED ALT

COMPUTE S&A MATRICES

YES IS THE NUMBER OF
CONSTRUCT 9 AMD C DEFLECTIONS - THE NUMBER OF
MATRICES DIRECTLY VARIABLE LAY

0N bdmn
BASED ON LEAST SQUARE SUMMATION
AND WEIGHTING FACTOR CONSTRUCT

B Z C MATRICES 

SOLVE SET OF S,_ ;LTANEO 5CALL SIl4EQ EQUATIONS FOR C UTED C
E83 (E) - (C) IS

NO 
ARE

RECONSTRUCT 8 AND C NO COMPUTED E'S WITH-
MATRICES TO SET E'S IN LIMITS

EQUAL LIMITS
YES

SET COMPUTED E',! AS
NEW BASELINE s

r I -- MPUTE NEW BA:SE:LI:NE
-ALL CHEVRON iSDEFLECTIONS

lc-GNPUTE SUM OF PERCENT ERROR

YES 9
TOL

No

PRINT FI YES S PROGRAM

MODULUS VA UES REACHED 14AXIML04 NUMBER
F ITERATI

NO

CALL CHEVRON CALCULATE AND
STRESSPRINT 991

STOP
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INPUT GUIDE

PROGRAM CHEVDEF
(Matching of Pavement Deflections
Using CHEVRON Layered Elastic

Computer Program)

Line 1

LINENU NPROB

NPROB Number of data sets

Line 2

STitle 72 characters

Note: Line 2 through Line 13 are repeated for each data set.

Line 3

LINENU ND F RD(l) -- -- RRD(ND)

ND = Number of deflection reasings (maximum of 4)

RRD(i) i = 1, ND Measured deflections in mils

Line 4

LINEN NL . TOL { MAXIT

NL = Number of variable layers for which the modulus is to be
determined (not to exceed the number of deflections)

TOL = To.erance in percent for stopping programs (usually 10)

MAXIT = Maximum number of iterations (usually = 3)

Line 5-1 through 5-NL (one line for each unknown modulus)

LINENU L ILV(i) IEMIN(i)DIEAX(i)

ILV(i) System layer number for unknown modulus value i

EMIN(i) = Minimum allowable modulus for unknown modulus i

E11AX(i) = Maximum allowable modulus for unknown modulus

Line 6

Title at start of CHEVRON data 72 characters
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Line 7

LINENU WGT PSI NP UN

WGT = Total load applied to pavement

PSI = Contact pressure of 1cad

NOUTP = Control output : set 0

NPUN = Control output : set -1

Line 8 (continue to additional lines as necessary for all E's and V's)

LINENU NS v() V( i)I- E(NS) jV(NS)I
NS = Total number of layers in system

E(i) = Starting rodulus for layers i 1, NS

V(i) = Poisson's ratio for layers i = 1, NS

Line 9

I~U H HHI( I) I -- jHH(Ns-l
HH(i) Thickness of layer i = 1, NS-l

Line 10

I-IENU iPR( RoB2 R- (iR)

iR = Number of radial offsets (set = ND)

RR(i) i =1, iR = Distance to deflection readings

Line 11

I !ENU iZ 1 Z ( 1

iZ = Number of depth set = I

Z(1) Depth of deflection set = 0

Note: After determination of final modulus subgrade, CHEVRON is
called for compuitation of stress, strains, and deflection
at selected points. These soils should be the center of
granular layers and the top of the subgrade material.
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Line 12 .

LINENU JiR JRR(l) JRR(2) J - m(ii) L j

iR = Number of offsets (f iR = 0 returns for new data set)

RR(i) i = 1, iR = Distance to selected points

Line 13

LINENU iZ zz(i) IZZ(2) -- (iZ)

iZ = Number of depth

ZZ(i) i =1, iZ = Depth to selected points

Note: Run is now terminated or returned for new data.
For devices with two loaded areas, use total force

on one area and compute radial distances for Line 10.

EXAMPLE INPUT

An example input for the PTRF 1A item is listed below. Control

cards preceeding input are for the Honeywell G635 Computer in the re-

mote batch mode (CARDIN).

01.O:: .

020S! I DENT! P :1-F300- CUFRT I S
030M! OPT I OM! FORTRAR
04 (@! UE! . GTL IT
050$!FORTY!XPEF
060! SELECTRA!R0:F300/CHEVDEF
070$ EXECUTE
080$!LIMITS! 40 , 3(K, ,6K
090 010 1
100 02OPTRF IR RP2008 DEFL. (7000 LB)

110 030 4,5.908,4.433,3.06791.933
120 040 3,1093
130 050 1,20000,700000
140 060 2920000,9100(000
150 07 0 3, 100030000

160 080 CHEVRON
170 090 7000,27.5 08,01
180 100 4,500000, 0.35, 50000, 0.35,20000' 0.41000000 0"

..5
190 110 7. 5,P 2 0. 5, 212:

200 120 4,4.5, 12, 24,36
21 f 130 I,9 0
210 14f 1,0

e3 s 150 Ff 2,7. 5,28.:

24 'I.;E IIt1JO B
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E-=-7 OUTPUT

An example output for the PTRF IA item is provided on the fol-

lowing pages. The number of problems to be solved is 1

020 PTPF 1A RR2008 DEFL. (700,) LB.,

NUMBER OF VARIABLE LAYER! AND TARGET DEFLECTIOS =

DEFLECTION READINGS IN MILS
:'0- ITIOrO NO: 1 2 :3 4
LEFLECTIONI: 5. 908 4. 43'3 3. 067 1. 9:3.3
''EIGHTING FACTOR: 0.169 0.226 0.326 0.517

VARIABLE SYS:'TEM VALUE OF VALUE OFLAYER NO LAYER NO MAXMUM MODULUS MINIMUM MODUL US
1 1 700000.0 20000.0
2 2 100000.0 20000.0
S 3 30000.0 10000.0

**'..080 ,, .TART DATA FOP CHEVRON

THE PROBLEM PARAMETERS ARE

TOTAL LORD.. 7000.00 LB3

TIRE PRESURE.. 27.51 PSI

LORD RRDIU:. . 9.00 IN.

LAYER NO. MODULUS POISONT RATIO THICKNESS

1 500000. 0..350 7.50

2 50000. 0.350 20.50
3 20000. 0.400 212. 00

4 100000(0. .500 SEMI-INFINITE

POZZTION DEFLECTION MER;JURED DIFFERENCE % DIFF.
1 5.5500 5.9080 0. 3580 6.1
2 4.2409 4.4 ":0 .1921 4.33 2.8706 3. 0670 0. 1964 6.4
4 2.01:31 1.93:0 -0.0801 -4.1

RA'OLUTE :iiM: 0.8265 20. 939)
ARITHMETIC S UM: 12.6527
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DATA FOP DEVELOPING EOURTION: FOP, ITERATIONT H. I

L AYERP INITIAL C HRNE1 OFF-ET r+FLE: T I ON
No. MODULr' MODL LC U I: . I T IAL CHfNflED FEI IN

I 5Ii Ir11 I(1. 2 00 0 0. 4.5 1 5 ':' 14.50:1 5.-08
12f.' "' 4.241 5.428 4 4.,3
24. 00 2_. 8-71 3. 02:3 :.IA,

I.,' 2.013 2. 102 1.93

2 5,. -,1 A o. 2 0,',0. 4. 5o 5. 550 7. 686 5.9?0:_S
12. 00 4.241 5.981 4.43-3

24. 00 2.871 .808 - 0 67

36. 00 2.013 2.391 1.93 -

3 20000. 1000:1. 4.50 5.550 7.507 5. 108
12.00 4.241 6. 037 4.4:3
24.00 2.871 4. 609 :3. 067
36.00 2.013 3.542 1.93:3

PREDICTED E DISREGARDING BOUNDARY CONDITIONS
5(10060. 40.304. 21130.

P07ITION DEFLECTION MEASURED DIFFERENCE % DIFF.
1 5.8718 5.9080 0. 0:362 0.6
2 4.4794 4.4330 -0. 0464 -1.0

2.9416 3.0670 0.1254 4.1

4 1.9892 1.93:30 -0.0562 -2.9
ABSOLUTE SUM: 0.2642 8.6555

ARITHMETIC SUM: 0.7480
AVERAGE: 0.0661 2.1639

THE FINAL MODULLC - VALUES ARE

500060. 40304. 211.30. 1000000.
DEFLECTIONS ARE IN TOLERANCE

I 'VERTICAL TANGENTIAL RADIAL :z.:HEAP BLL

0. -7.5 ::TPE -9.397E 00 4.723E 01 4.723E 01 0. 8.507E 01
STRA -8.491E-05 6.797E-05 6.797E-05 0. 5. 103E-05
D:_.PL 5. 909E- (']3

0. 7.5 :TPE -9..-97E 0 0 -8.452E-01 -8.452E-01 0. -1.109E 01
-:TPA -2.185E-04 6.797E-05 6.797E-(15 0. -8.253E-05
D',PL 5.909E -13

0. -28.0 :-T'E -2. 019E 00 1. 313E 00 1.313E 00 0. 6.064E-01
7:TRA -7. 291E-05 :3. 871E-05 3. 871E-05 0. 4.514E-06
D'-PL 3. 439E-0 3

Q. 28.0 :TPE -2. 019E 00 1.701E-02 1.70IE-02 0. -1.985E 00
,TPA -9.621E-05 3.871E-05 3.871E-05 0. -1. 87 F-05

tiSPL 3.4:39E- 0?
***.. E'4D' OF PROGRAM ....
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ljf- -I) DATA CONFAF> N

cc >5 UPI~g. 05 tPPOP
0(5l:?) 11[0 9%9 FPZ 1 NIIFOF

1) 1 5 JP I TE I,'I J' NIPP
1ii, 5 1Cfr4TITNXTE

0u.~l 0 PERl'S. '' i:
fl~lp:2 0 dP I T E - - ,ii1> T EXT I

'OF --.-'nI PE I 5. a':(1 L INEtiH I . *11PP D' II,-I1I411

A:~. C OLINTF= 1
rjft (': I I- CONT I NIE

0It.? PEAD5.a-10l- LINENU~gNL-TOLMIRNIT
0 0 6'74 DO 5 L =I0* 1

u10 5 C ON T INUE
u''2 0 DO :'I=I1.NL

-1':7?0 PEA f112' 10 1 L INE N i. E MI NI E M REIX I
0'07 40 :1 ILV 'I =6

001.760f W JI TE 6, .19,1 IIl,ND.)

u,078 ( WP ITE6r 62 1 *RPI:I)=.I=1oND,

07,0 IPdIITE '6, 79 (1
00800 'R I TE (6.965 0.
00310 ( DO 59 HZ 1PNL

0f:?0 59 C ONT I NE
-:08~I: CALL CHEVPON
001:1: 5 0 IP I TE (6, 8?1)
':0:36 CONTIN = TRUE.

1)01:_;7 0 :LIM (I
I) r: LrIP = .(
0 (t~ 8 0 A -LM= f. fl

0000 DO 9 1 = 1 * tiD
0l09 10 ERR = PRDI--DEFIl)
(0020 PERC=(ER-PReI I .)*100
00 U)a:I' IM -:LIM + AF.t 'ERR)

(I~'4 f- :UMP S UMP + AB&'PERC.
cl ? (1~ R-IJIM = ALIM+PERC

00$960 A WRITE 6,820 I.IDEFI ) reDX,) ERPERC
009::701 DF (I , = t'EF ,I1
0 019RC) CONTINUE

On~r IF tUMP.GT.TOL) CONTIN = FAL,'.E.
01000 NIdITE '6'840-tN UPAU
01010 IF 'rCONTIN, GOTO 89
(I10 oa ':OhNTP=3
01 (130 6 ITER=ITER+I
01040) DO 15 1 =1.NL
01050 = IYI
0I106 0 EL(11 3' = LOG1OIE-Kl:
(0-10 15 CON4T INUIE
0I10*80 IPITE6S.76.0) ITER
01 I0W,0( DO E'C' JX.,= 1 * f
O l 0 (0 1,9 I LV Ia +

"111 IFITER.EO.1n30O TO 21
C-10 IF(CIY.'_. E. rTEMP rJX*-
*i (I I- EP(J,=FL~ EA J) AOI0(MHA

If,11) ELefKI- e300-Cr-1:)CTEMPtJXs- 4
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III lc~ IF 411 -E P - EMF4*Y' J:: .LT. 1.P~E -E -P -EMIN, I:. .LT. I0'6 TO -4
I-*1 1F -I J.: -. LT.rEMP.J :: *60 TO 23

'117'' I F -HUM. LT. (IEL:'- IK 1 *=. C Y' J:'ALu61I0AEMAXY: .. 4
i":f 60i TO 24

H.1?' 3I'CM T. 0OEL Y':. -= I . Y'+ALOG 10),EM I N ~ J '4
:A : 2 E I( ' * *.E L -J. 1'

C1I1(I '30 TO 40
':'Izaao (1 1 IF'WULM.LT.0'GO TO 30O

0I12 4: '30 TO 40
':'ias5:' 3 0 E.Ka-EMAXJX.,
':1260( 40 EL -JY'. 2 =RLd'10 oE 10:

cll. lo CRLL C:HEVRON
1,11281 riO 5o li =i-r
012C0 IF'Piv*22 = D)EF'KrV',

':13:0c ( 45 ':ONTINUE

''1 32..0 a'()Vt, X=DF(00'92) -EL' J,,e)'S
"110 50 CONTINUE

"14 40 ET3 = 1 0..EL (.IX9'
(135 (1 IPITE(6,7?0) ILvcjx ,)ET3,E'ILVv'JX' ,RXI 'I DF'1.'.DEF' I' .PP''1'
0131-10 IF'ND.EOj.b, GO TO 39
(11-30 DO 34 SJO =2PNW

(11380 kWPITE<6.780')AX1 (J:"),DF(*J:, 3),DEFtJ&- ),PRFD'J>7.
(113 0 3 4 CONTINUE
011400 39 CONTINUJE
011410 W.P ITE .6 p81 0'
01142 0 E(Yr. = 1 0n*EL * J, 3,
0114310 60 CONTINUE
0 1440 r1iO 65 KV = 1.ND
01450 65 CONTINUE
0)1460( DO 69 IkP = 1.ND
01470 69 CONTINUE
01480 IF'NL.NE.ND) GO TO 101
011490 DO 120 1 = 1.INL
0 1500 ( CI'l = PPD' I '-AI.NL.'.- ,-- NL'*ELtNL, 3..
011510 DO 110 -1 = 1,NL
0II1520( C'f I )=C I I'.S (I - J'*ELJ 3.)
153A pflej =

011540 BTEMPIPJ'
01'550 110 CONTINUE
015160 rCTEMP 1= C'1I1.
0157-0 12:0 ':ONT INUE
0 158 0 '30 TO 79
01,590 101 CONTINUE
011600 DO 80 I = 1NL
':161 (1 ': I = ':'.0
0 1620( DO 70 J =19ND
011630 C'- I ) = C mI + S(J.- I '(PPD' .- A J v 1L'- INL OfL'N4. 3 *eW -1
01640 DO 67 J = 19NL
01650 C ( I I=C I' + J3 3.! J 3S I OEL'Ji.~ OW
0 1060 67 CONTINUE
01670 710 CONTINUE
011680 DO 68 J: = 1NL
01690 P3'I,.J7 0.
(01700 DO 71 J = lND

011720 71 CONTINUE
017130 BTEMPIX' *- DIet'-
01740 6E8 CONTINUE
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1 1:1F 7,' I-JYIiT I tIJE

1, '' ruON§: 114=1 M

11-1I -FILL :IMElaE:. -14L .kEP'4'
'I Ii' ''IITE '

"1 OP'MFT't H

1- .F5 -"- FOFRT IN - PPEDICTE1D E III :_PE3PDIA; F:OLINE'A C~IFITIONC
1 ~ D J":0 ? = I - 1lL
1 'i TEMP =_":.I Y I

7 :Ot'rTIri'JE
I1:- 04 wIdPITE E .ar"5l I ATEMP' Y::' -I'-:= I IL

1 H' F EP. r 4E. 1" '30 TO 1-1
1 (I" PEC ALC .FAL E.

C'1I' IF.PECRtLC130G TO 8:4
'.1 -'41 AR-:C = RILD'31'lIEMA>:-I'

I AMIN = HLOIOl'EMIMI'
I F :! .'I3E. k'AM ItN-. 0((0 1 A .~4* AND.C:' .LE. '.AMAX+. 1) ( C'IaG TO x34

DO I=.tL
'ii 4-~H IF ' .E0. I., '30 TO :3

C - Pr =C TEMP' l
(12 11 -:6 DO '.1 L=l .N-L

'la2'(1 C, E,L -P=TEMF'L -K'
0 -: l 31 1: :1 C ON-T IILIE
0' af 4 C' :3. 2 C1 ONT I NLIE

,:" 0 IF 'Csl-.LT. AMIN)I' CP MIN
1,2 1 ') ( IF' C fI' G'T. RMAX'C I '=RMAX

I'l- 07 - C TEMPI t= .
C'.? (Ix. 3: DO :E -=I * -L

BTEMP' I' '=F' 1.1
'.1' CONITINUIE

BTEMP I I. I =PB I- I.)
"cA 4" :,4 C:ON T IMUE
'Jo15 "1 IFPECALC '30 TO 7

He t6 DO ;' IY' I ,N

1 ' TEMF'=l F..C 'I'
1*1 J:4r) TEMPI = 1')**EL'I,3'

2ETOL'l'AFPC ''' TEMP-TEMPI'TEMPI).I('('
." F',=TEMP

l:TEMPP=-EL-1.3
I"(E' I' COld I 1-ILE
11 .' 4 : CA:LL CHEYFON

I2.. 2 0:f L~IMP = .A
I R - ( A 1-iF = (.1

C:ON TI1-N=. TP'JE
2,: 1' IlFI TE6: .

1" EFF = PPD'lI- -EF I

PEP = E:UM *I 1F- 1ERR'

4"0 :LM :r =2LIMP * P FPl
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IJP-IE..aa I.IEFI .P- I ER.Fa

-o r-UN ACU-M + PEP(
0 t 4-- COT INUE

I F :IMP.GT .T OL~ YCONT I N=.FRLTE .
0240'1) PEP I IM= S LIM -'ND
04 1A PE.P IF=CIIP'NDI

"z4eO IIITE'6.84a' ;BIMvLIMPA' UM
02-4 30 IIP I TE1'6. 715)iPERSJM.-PEP'LIMP
02 4 4 0a PEITER = .TRUE.
02450a DO :8? I=1.NLnYS
0'24606 IF'ETOL*I.bT.TOL R-EITER=.FAILCE.
'247 0 87 C ONT INUE
0.2480 IF -CONTIr4 COTO 89
0I2 4930 IF'REITER'GO TO 89
02500 IF-ITER.LT.MMNIT)GO TO

(25.20 IdPI TE(6. Bit)
0125 3 0 W F I T E 6 E. :-03)
C0IZ25 40 3':03 FORMAT"I1IH . PREACHED' MAN NO OF I TERAT IONS')
(2550 '30T0 10
012560 89 IIR I T E 6. 990(0') -.E f 1) * I = 1I PNLAYD

012570 IF.:CONTIN. IJPITE6.30[41.
02580 304 FORMAT'1H DEFLECTIONS APE IN TOLERANCE')
(12590 IF:PEITER.. WITE(6,305"'
02600 305 FOPRT (iH CHANC3E IN MODULUS VALUES ARE IN TOLERANCE'
0126.10 10) :OUNTR=99
(12620 CALL CHEVRON

02630 130 TO 99*
026 40 90 IIP I TE(6.-2 7 0
02650 9 999 CONTINUE
"-26t'60 l-PI TE s6,-850C.

012680 IC'S FOPRATr1H1IfaYq'THE NUMBER OF PROBLEMS TO BE SOLVED 1S'-

02700 820 FORMAT 'SM.51- Fle 4pFl0. 1
02710 :0FORMAT- .--5X P0 ITIONi' 2X- DEFLECTION'.:3X.'MEASLIRED.-3X,
02720 -t DIFFERENCE *:-,.g % DIFF.
02730 '9000 FORMATS * 3M. THE FINAL MODUJLUS- VALUES ARPE' ,-z.
0'2740 a4 F I C'. 0I- .*- N
02750 200 FOPRAT(IH RA80
02760 210, FORMAT(V'
"'2770 24 0 FORMAT .30.v I N THE A MA TRI V* T 13. 1 .T 30-2'.T48.3
02780 :T68., 4.
0a2790 251 FORMAT.2W.-'4tFlO.0.3-'X'
a02800 250 FOPRATf2X.4':E16.6.3X))
(12Fa1A 260 FORMATe 9T:30t IN THE .' rATRIX T3''T02T8-

02820 & T68. '4'
aa2830 270 FORMATf' THIS-- MATRIX HA:- NO 7OLUTION.a
('2840 2960 FORMAT'- .T:30.'IN THE B MATRIX * T1,3.1'T30.'2 .T48. 3'.

(12860 (" FOPRT' .-T30., IN THE CMATRI'N . 'TiB. 1 *T30, 2 ,T489, 3 TES. 4

aaex-'a Ma0 FOPMATtT25. THE MODLUSL VALUE:7 APE NOT WITHIN TOLERANCE- a
1 a IA2,? aa00 FOPRAT( 80'

1:1291i10 600 FORMATO5Y. NUMBER OF VAPRALE LAYER! AND TARGET DEFLECTION!

029?20 619 FOPRTdIX.- '.15W. DEFLECTION PEADING7 IN MILS'.-
029 3 0 POS I TION NO: .E6X. 4 ';X. 11.-2X
029 40 620 FORMATf DEFLECTION!:'.6X4-Fle.. I'



050 6-21 FORMAT. WE IGHT I NG FACTOR: .4-FI2. 3
v:26 .50 FORMAT, .52. VARIAFLE :'-'2TEM .9Xq 'VALUE OF'.22 VALUE OF','

'5A LAYER NO-.32. "LAYER NO'X % MAXMUM MODULU'S 5.P 'MINIMUM MODUL

0:9: E-60 FORMAT.'9,. 1292.2 0.FO IOel.1
013000 710 FOMT-*.0.FOP EQUATION A + E =DEFLECTIOv.'-:o

A 0010 720 FORMAT5''.232. FOR THE EQUATION (B] * El = C (C-'. ')
03020 761 FOPMATiS0,'1Ho,,.5. DATA FOP DEVELOPING EQUATIONS FOR ITERATIONV.

03.040 760 FORMAT1IH1.5''..5X. DATA FOR DEVELOPING EQUATIONS FOR ITERATION:-
t: . ill. * ', 12. /'2 9 LAYER INITIAL CHANGED OFFS_7ET'P10X.

030l(6 0 :'DEFLECT IONSg . '5X-0 'N5O . 'MODULUS-, MODULUS- .52.' DIS-,C. INITIAL
03070CHANGED READING7?,P 72c'* ))

0 30fl80 770 FORMAT (6X.Il2v4XPF8. 0.SX9FI. 09 4XF6.2:3XP F6.396XF6. 393y;.F6. 34
03090 780 FOPMATeT36.F6.2,3XF6.:3,6X.F6.3,3XF6.3)
03 -10 0 79 0 FORMAT'''-')
03 110 810 FORMAT,72' '- '

0 312 0 715 FORMAT(28X>:.AVRERAGEr 2F 10.4)
03130 840 FORMAT(23X."'AFSOLUTE $,UM:"92F10.4.',22X,
0 140 ."APITHMETIC UM:,"910;,9FI10. 4
03-150 850 FORT'1H *26H*'... END OF PROG6RM*..
031160 1212 FORMAT.1H1./-o-'POFLEM NUMBER .4P''
031170 END
0 31810 ._-UBROUTINE CHEVRON

0319OCR040 65P 040 N-LAYER ELAST IC SYSTEMS PROGRAM
01200C CALCULATING iTRE'TSESP STRAINS, AND DEFLECT IONS.
0-:.10r191MN **.** MAIN ROUTINE - N-LAYER ELASTIC SYSTEM ***

c"'eU3 COMMON 'RMC~oyRR(10 ZZ(Q10)> E (5). - Y(5".- HH(4),
4(1-4 Hc(4) AZ(396>. A (396 *5) 9 Bq,3 96.-5.'. - (396.5'.

C, _:- 2, 15 (1D(39695>9 IJ (396. RJ1K(396.1, RJ 0f. 396)u. TITLE'.20 )
02 i & TEST(11>. BZ(1 00),9 X (5v 4,P4.)9S 41 4P FM'2,2).

0-20P444P. ZP AR. NS.
1:1 #A c :'. N. L'9 ITN- P52. F&R.q

R)? oN. RMUR SFP CSZo CZ T.,
0I CSR. CTRP CONP cmL). P;SI,

1"NLINE. NOUTPR NTESTP IP ITN4P
K.9 LCP JTP TZZP PRP

0 PA. P. EPP TIPP TIM.
4"@ Ie T I T2. T3.9 T49 T5P

II'AT6. T2P. T2Mq IA P Ji.
' t' EJO. ZFP SZ1. 'WZ2. 361.l

0 33 :- 2. PH. PH2 P '(2.P VKP2 9
'3 3 8'0) V4. VKP4. KS PDT. RDS.
A039 COMMNN-OPT/COUNTR, DEF '4) .NLAYS
A 3406 INTEGER COUNTR
A-41A DATA A7TER. FERD./4H*000. 4H4....'
03'420 IF" OUNT.EQ.99) GO TO 7
034 A0 IF( OUIITR.'E.2) GO TO 26
03440' A.LL FLGEOF '41.IIFILE)
0 34 or C
03460C * COMPUTE ZEROS7 OF JI'X) AND J0'>O). SET UP GAUIS CONS TANTS *
(13470 le - ITNrl
013480 DO 2 1=7.V.2
03490 T =1I,2
03:500 TD = 4.0.OT - 1. 0
03510 2 BZtlI' a 3. 1415927-'T - 0.25 + 0.050661'-TD

03520-0.053041,TD*3 + 0.2620151'TDe.5'
0 3530, DO 3 1=8. ITN.2

0340T =1-2')-2
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I c,5 T D 4.i i.T + 1.A0

FC PI' =! .14159742*T + 0.2 "15 19X2, TI'1
+ 0 .Q 0' 5 0.01533 T D. - .45270 TI11 5'

0 5:'( 1': REFl'S. 338 TITLE
0 0 3 F OMAT'-2084'
10> 1F -FNF ILE. EC-. 1' tG0 TO ?-9
2 0 M310 FORMAT '2O04'

3(I READ'S. 39';- LINENUI. I.IiTFIqNOUJTPPLIN
A r -4i 311 FORMAT '2 F12.0. 11.29 11W

1)50 PEAI'-5'5.39' L INENLI, NI 'E(1)I'V'I' I = ,NT
$0 rILAYE- = FiT

I 7 0 FORMAT13. F.0,I9F(..0'
A 033 FOPRTY',

-0 1FORMAT'6Xw10F6.0.'
':0 (I I OQI ONT INUJE
I( 10 =l I- - 1

0 -7 (1 PRA1iS. 33'1 LIFIENU9 '1414I)qI=1ltl>
A:: 310 3 FORMAT ' IOF#:..(1

(1 4 0 7 READ'S5. 33. LINEMU' JR. (PRP(1).9 1=1 9 IP'
0! 75 f IF'-I P. EO. 0. RETURN

A7 0 2001 CONTINUE
R) 1 EAD'S. 399- LINENUP 12I 2211=,Z

(I IF'COUNTR.E'.33' '30 TO ?6
- 9 -0 0 1 C ONIT I flUE

AP RP = -ZOP'T ' IIi3T- '3. 14159#PS I))
10 fILIFE =17.NS
(1 ?:-2 FIPAGE = I
0 0 IJRPITE'A30 'TITLE v I). 1=1,P20)

A ~4 CA-5 FORMAT '1141' 1lH0.5H**o.n.20A4)
A) 0 A IRTE'f6.- 351 )

A~,, IFORMAT '110.2-3X.264T1E PRIJELEMPAPAMETEPS ARE"/)
1) IdRITE'6,:352., WGT.PZIARP

(I-.: .A ,:; FOPRT '1140. SX. 12H4TOTAL LOAD.., BY. F10.2p 5H4L>
0 z:-:9 11410. 5:-.9 15HTIRE PR.ESSURPE.., '5X9 F10.29 5H4 PUH.

A 0' 1H095X. 1314L0R1 PRUILIS. . .?X.F1.2.5 IN..,
I 1'J IIF IE6A.353.
A 1':52 FORMAT' 1140.SN914LAYEP NO. ,8x;71MODU-LLIC- 'eX.14nPOISSOrl PATIO.

r0 -40 IdRITErE.. 354' (I.E' , MI' * 141' I=l.N'
AC9 3:;f 1-54 FOR PM AT ' I1H40. 8X, 13.39X -F 10. 0'- 1X.-F 5. 3.- 14X. FE6. 2
A) 3r 0 dPI TE '6.343' N'-- E 'N-,* V 'II4)

03'4-0 349 FORMAT ' 1140.X. 13.9:.F10l. 0. 1X.FS..11N. I1414E-.EMI-INFINITE
03 1 8 0 IF 'COUNTP.flE.99i '30 TO 27'
Co 39 1) JRITE '6. 348'

"4 "0 3-48 FORMAT '114 .1X. IMP-.' >: -. 4,11,1VERTICA4L2X1OTAIGENTIAL,
(4 0 1 .3-: -i A HRAIAL 6X 54SEAR.-6X944P1LO)
04020 C 27 C ON T I NUlE
04' I30 C ** AE'UUJ1 LAYER DEPTH' .
04 04 0 H1111-1'1
0140F50 D0 25 i=apN-
04 060 1 25 H'I1-1'I--1-+H'I'-
040(7 0 CALL C14EC -I-
040A8':' 26 C ON T INUE
014 030' I F ' COUF1ITP. EQO.9 l"PI TE '6. 3-48'
('4 100 1' 1PT= (
0411 1':C .. TRT ON A FNEWD P .
(:4212-,0 1 ':': IRT=IRT~l
0413-,0 IF ' IRT IP' RETURNH
0.4 140 10 R=RR'IPT'

13-1~4
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0)415A 31 D 1 I =1,IZ
0141 E.0( DO I: .i 10,M

(4170 TZ = A S: :H (., - Z"I 
0:4180 IF,:TZ - .0 001.) 32 2,31
0419(1 32 ZZ ( = -H'P..
04200 1 CONT I NUE
0421 (1 IF'COUNTP.NE.99:) G0 TO 39
04220 iFJITEc, :3.155)
14230 NLIlE = NLINE+l
04240 :-_55 FOPMAT,:H

04250 39 CONT INUE
04260C 0. CALCULATE THE PARTITION
04270 CALL PAFRT
04280C 9. CALCULATE THE COEFFICIENTS *9

04290 DO 125 I=1,ITN4
04-300 P=AZ I .,A
04310 107 CONTINUE
04-20 IFa:S.GT.5) GOTO 10804-3 .A CALL COE_=;5I.)
04:34r 60 TO 109
04:350 108 CONTINUE
(4360 CALL C:O1SI)
04-70 109 IF 'PI 115olI5,110
04:380 110 Pp = Pop
043"90 CALL .EEL 'OPP,.)
044f00 PJ, I) = Y
04410 CALL BEZISEL t1,P ,fY)
044.':0 PIl , I) = y
144- A 115 PA=P AR
044401 CALL BE:SSEL '.1,PAqrY
0'.445 0: Aj .( I.) =Y

144611 CALL CHECk (2)
044, T 125 CONTINUE
0i4480 195 IZT=0
0449C ._ .TRFT Oi A NEW 2 ..
04500 200 IZT=IZT1
0)4510 IF'IZT-IZ) 205-205100
04520 205 Z=RS 'Z(IZT))
04530 IF - NLINE - 54 .) 207P206206
04540 206 NPAGE = NPAGE + I
04550 NLINE = 8
14560 207 CONT I NUE
04570C * FINE' THE LAYEP CONTAINING Z ..
A4580 TZZ = 0.0
(4519( DO 210 Jl=1lN
(4600 J=rt - 1I
04610 IF(Z-H(J.) 210.,215,215
04620 210 CONTINUE
04630 L = I
04k40 60 TO 3!4
04650 215 L=J1+
04661i0 IF ,*..', Th' 33,34.34
046t.70 3-3 L = J
04680 TZ = 1.0
046911 34 CONTINUE
04700 CALL CLINIIRT
04710 IF *TZZb 36',36935
04720 35 ZZ(ITh = -ZZ':IZT)
04730 IZT = IZT-l
04740 :6 CONTINUE
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1147-51 1"4 TU -Al
114 7s; fi, -44 C Fit. L EX I T

(14.4 fl FLOC1 ['ATA

41 A C OMMON PM(COY pp' 1A'* zzr E 5' * HHS 1414.
(1482 0 WP4, AZ 3-96. A' 39695., PB'-9, 3965' C
:4830 D -' 396.5' A.J "3906' J If 3 z96' nj: ' 396?.* TITLE f20'~ o
148e.40 aTES-'T (I I BZ' 1f00, X(5.%4,4)9 '-4). FM'2t2".
114850( PM(4.4.4,P.P P AR. 9C
04860 N IT. RC-Zq P 'R,

0:48 70 POM. PMUg 73F.C L a, C': T
(148:0 V C~pq CTR. CON. CM.9 P1:19
(1489(' NLINEP NOUTP. NTE$- T. I. ITN4.
'49 n0 p:. LC. iT. T"Z PP.
010 &PAP P. EP TIPP TIMP

'4920 TI1' T2P T39 T4. T5,
014930 T69 T2Po T2MP MA. FAj,
04940 IJO. ZFP 21 522, :131.G
04950 816S2. PH' P142P Vol2,9 VKIP2
04960 V1K49 VKP4. VKK89 PDT. PRIV-
04970 DIMEPCION Z3'6'
014980 EOUIVALENCE (P2,28
014990 DATAZP.0.0244..375507016
015000 DATA ITN,46',ITN4.'184x
(15010 END
015020 -UPROUTINE PESSEL(NI.XIPY>
015o0rO ***eSUPROUITINE RESSEL - N-LAYER ELASTIC S YSTEM*. .
(1504 or
050(5 0 DIMENS ION PZ(6),QZ(6.),PI (6)091 (6) D(20)
015060 DATA P2<. IOEO.-1. 12S-E-492.8710938E-7.-2.3449658E-9P
05070 -'Q081-1-.1313-2 Z0/-5. OE-3q4.6875E-6w

A~A~0 -2c3255859E-89 2.8307087E-10. -6.3912096E-129 2.3124704E-12'.o
A1 04 X PI' 1.0E0. 1.875E-4. -:3.6914063E-7. 2.7713232E-9.

015100 -4.5114421E-I111.2750463E-12'. Olzl.SE-2, -6.5625E-6P
015110 .8432E8-.604E1. 7.14:31166E-12o -2.5327056E-13-.
015120 PI -::. 1415927.-*

'3514)'
05150 9N F= NI
05160 ..- 2
05170 IF 'X-7.0' 109109160
015180OC
015190 10 XE=:&2.0
015200 FAC =-'4,-2*X2
(152101 IF IN, 11. 11-*14
015220 11 C=1.0
052 3 0 .f
0l5240 DO 13e 1=1,4
015250 T=Z
05.260 r=FAC #C,- 'T*T
(52710 TE:T=AB: '0. - 10.0on'-8.
015280 IF 'TEST' 17.17.12

020 12 =C
0:5300A ( 13 CONTINUE

051') 14 C:=>:Z

rl! -3(1 DO 16 1=1.-34
534 0 T=I
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)5 350 C=FF.*- T*' T+.1 (l,,

05 36' TE:T=H " ,*_., - o0.-8,
IF ,TE'T, 17 17,15

i 81 "  15_, '=,+

"53. 9( 16 f ON T INUE
154 f0 17 PETUPH
05410 16f IF -4' I .I,161 164
S,542 OC
054 3 Or
05440 161 DO 162 1=1,6
05450 D I' = PZ '
05460 D I+1 I ) = I "

05470 162 C ONT I NUE
:548n '0 TO 163
05490C
05500 164 DO 165 1=1,6
05510 DlI:' = P I lI
15,520 D(1+10:P = l' )
0ol.5 -: 0 165 CONT I NiE
(05540) 163. C ONT I NIE
'5550 T1 = 25.0."X
C15560 T2=T *leT

05570 P = D(616T2+D15"
.558f0 DO 170 I=1,4
0590 J = 5-I
05650 P = P*T2+D(J)
05610 170 CONTINUE
05620 0 = "6"T2 D15
(156.30 DO 11-1 1=1.4
0156/40 J: 5-1
15,650 0 : 0*T2+D.: J+l 0.s
05660 171I CONIT INUE
(05670 0 vT1

" ~(156.8 (.1c
015 69 0 T4 =D:QRT :X.PI'

05700 T6 = I
s5.10 T7 = COS : :

0572 Cc

05730 IF '4.) 10180' 185
0574OC
05750 180 T5 = ''P-fl *T6 + 'P+oC'OTTh)-T4
05760 60 TO 99
05770 185 T5 = 'P+QC"*T6 - 'F-O,*T7)-T4
05780 99 Y = T5
05790 RETURN
05-S 00 END
05310 :UBPOUTINE PART
05820C ******SUBROUTINE PART - N-LAYER ELASTIC SYSTEM "a.e.
05830C
05840 COMMOr ."PMCOYRp("10"9 ZZ(10?) E(5'. V(5), HH,4),
05850 p H4). AZ(396)' A(396,5', B(396'5), C(396,51.
05360 t D'c396, 5) • AJ(396..- RJ1t396), RJO(396), TITLE(20',

05870 TESTi( 11.) EZ(100) R 5 ',44), SC(4) FM(2,2 ,
05:8 0 & PM('4,44',P, Z AR, NS
053"90 N . L, ITN. R.Z, PS R,
0 0 . n. RSMLI, P CZ, CST,

05'10 C'R, CTR, LN, CMU, PSI.
05'N ILINE, FOUTP, NTEST# I, ITN4,

5" LC', JT. TZZ, PR,

0540 FP. P, EP. TIP. TIM
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T ICf Tv T29 T$ T4- T5 *

6,2. PH. 1.,c. \ifV Pe.
VP .4. VP P4. V14p: PDT- P D,

I'ATM 131 A. 86111 I e 163 ( 3c' 14
fw I it 4 ZF = RP

(10:. 12 AATE-T = 2
0 IF P-' 898o9

CIE-0,40 C CONT INUE
(iir0(5 ( NTET = AR-P + .0001

01E. 16 0 IF *t4TE.T) l6P5
0E. .7 0 ONT INUE

(III TE-T =P,-AR + .0001l

11- 1 5 C O4T I NLE
Oft.A 11 TE-T = NTEE:_T + I

'142 0 IF 'NTEST-10r 89,7
13i (1 7 ONTINUE

06M141 WIES.T = 10
CIA 15V C ONTINUE
fir. 101il ** COMPUTE POINTS FOP LEGENDRE-GAUSS INTEGRATION *
06l1irO 15 If I
061I8a0 CALL CHECK '9)

610 IF 2. CF
06200 =3,7 r. 1j
06:210 DO 28 I 1,ITN
06-220 SZ1 ="S2

clk23 0 Z2- P '.I+l'ZF
(1",240 2F :£2 Z2 - SZ

0P pp 2 2 + £21

0.16A~*1 2(1 R0,PP-G
00 AZ 'fI'+c9P*G2

10. A _c PP+SG1
IA6 -,a0 P + 4

clp:3 30 CALL CHECK '10)
06.3'40 28 CONTINUE
06.3'50 40 RETURN
0636 -0 END

06 37 0 SUBROUTINE CALCIN'IPT'
0A-380C **#40-SUPROUTINE CALCIN -N-LAYER ELASTIC SYSTEM *'.

06400 COMMON ,PMCOYzRR(10)9 22'10>, E'5", V(5)v HH14,9
(1'-410 H (4. AZ(396) 9 A039695)9 339695' C':396,15),
06t420 D(096.-55. AJ 396) t RJIc396>, RJ0(396)9 TITLE(2O.
'A4 30 &TEST'1l)t 32(100', X'5t4.4) :\'C -C':4.) FM(2,2>,
0)6440 tPN(4,4,4>.R, Z, SR? 71$
06i450 N. Lq ITNq PS2. PSRq
06t46 0 Pam RO. MUP -7 F, P cS2 CST%
06o-470 &Capl, CTRP CON' CMU 9 PSIP
06480 8.NLINEP NOUTPP IITEST. I, ITN4.

fi4q L C iT. TZ2q PR,
060 -PA. P. EP. T IP. TIM9
061 1I, T2v T.39 T49 T5 o

06520 T6- T P9 T2M, WA, BJ!.

06.5 40 (132 p. H- PH, W2 VVP2~
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Yk4 VPtP4. VWI08. FDT. PC
9'5060 -OMMON* OPT 'COUINTP9.IFF'4) PH~LRYS
k 1570( INTEGER COUINTP?

':165$A tIMENWION '.3.4,A
')50 DATA 1-1 ':'. -34 ?8548%?52.u. 65214 5 15 3~47':."4.q8,

(16E.I 10 2 VL ,. :V

"-: 3(I %& lI A.(-VL
(Pi4 C, C I

061E.50 C 7 T= (1(
0 E. bJ C -P= 0. (1

(I-:~ C LJM (1 0

7 ( ( NT :I NTEST + I
17 1(1 IT-

-IT 0T

"66.74 0 IF *;NOUJTF' 414,5
075 0 4 ARP= ARP*PSJ

"'t-760 5 C ONT INUE
771.0 10 DO3 40 I=1.ITN

(167 e.(I INITIALIZE THE $_UB-INTEG:,RLS

068 11) :-,T= 0. 0

C, 82 PTP=0.0(
830 POl= 0.0(
80 RMLI=0. 0i
&SOC COMPUTE THE Z:U'JP-INTEGPRLS

0I P r7 DO 30j -1=194

-I0 EP=EXP fP*Z>)

1''0 TI=FDJ1.L-*EP

06 17) T1P=TZ+TZ
06940( TIM=TI-T2

06950 fTzA .fJ IL +B(.JI,L.) OEP
-I'609 ( T2 vC JIL)+D vJ IL,L-*Z) /EP

0 69 7 T2P=P.cT1+T2)
.0 T2M=P..:T1-T2)

07 ''00 L CALL CHECK :3)
0-101)0 IF -VIP 20920,15
ii'A3: 0 .j o=p) 0 1 i) oP

07.040 P&Z=R' Z.WAPOBJ0.(VLI*T1P-T2M>
0. "50 ROMcROM+OWOEL.EJ 0.*2.DOVL 1*T iM-T2P)
0 it. (I A TR=PTR$ApFiP*pJI * VLOTIM.T2P)
0A011) PMU=RML+WA*EL#BJ I* TI P.T2M)

(In Ai AI R&R=F$R.+IdAO tP.PJ0#* f'1I. OOVL) *T1IPOTSM) -PJ I # T IP+ Smt'/P'
0-' PI T=RSTOI.IAO'/LPPJ~o.T1PP8J10(T1P.T2l) .,R)

0-100A CALL CHECK' -4.
07"1 A1 GO TO 30

ILAI RECIAL ROUTINE FOP P = ZEPO
(171I :1) cA PP=P.P
0-1 40 PtZwRiZ+A*PP*iVL 1*T1P-T2M'*
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I&ft pOMT=FP'OTM.Ifie.EP.2 ".VLL + TIM- T 2M)

0:71:: 1 9 M-LL CHEC:P '5'
cr1?' (I ONT ItIUE

0721 F IAZ(I+'F AZ' + 1 -.22272

0172240 C PC, epP* -,F
017251) F ERC+P$R.SzF

('7260 ':OM=C OM.RON. 7F
(11210 CMU=CMLI+PMLI*i-zF

':728( SZ = 2.OeRSZ*AP*SF
0:7 29 CALL CHECKt '6.
07(173A TE:-TH = ABS (PS2Z)- 10.0.-4'

31 IF'ITC_-4T'S *- 31.32932
017320A 3 1 CONT I NUE

330 1: TE7ETeIT7- = TEETH
1:741: IT:- = IT.+l

0735 '"30 TO 4('
1). 7 3 2 ':ONTrINUE

1)770 TEET-NT-X = TEETH
07~ ~ t 133 J:- = 1.rTEz-T

0 7390( IF -TEC TH-TE:T('J,)) 35. A3
074 Ao 1- 35 ': ONIT I HUE
07-410A TE 7.TH = TE CT -l
07420 36 C:ONT I NUE
0743 0 TEETjo' = TEC-T(J+I'-
07,440 3 CONTINUE
C074 5 IF *TEC TH' 50-50,40
1*7 46 4 0 C ON T I HUE
07 4 70 -IT=
07480 CA 'FLL HIBHM

07 490 (11: =rC Z*APP
07500 CALL ' HECr -7-
075;10 1: -= w-T*AP
07S-20 I TP-tTR.RRPP

07540 'OM='OM*ARP
07550 IF'' OUfT. NE.,79.)DEF 'IRT, =CON.1ooo00.
07 5 60 MU I CIJU.Pp

0757 A B 7r C:2CT+E
017580 V:TP *:Zv.~:*~'E.
07-5,90 ?-IT - ECU 1020VL'E(L)
0176E00I IF -T'7' 72.72.71

060 71 Z -
.20 72 CONTINUE

07 63 ,0 PIC:=' C-YV1*'.CZC: E Q'
07640 ZT=2. 0* 1I. OtYf,, '1 *C TRE L1)
0765^0 PDT = tCT - V'L" * (C$Z + CCR'P E'L)
07-660 IFtC0UINTP.NE.991 GO TO 99
('76-70 "'RITE '6.315- R.Z;,SZPC&--T9CCR.PCTR.V T'
07680 IJRITE '6*318 ,' &TR.PDT.RDE.C:T.F-T

0760 WRPITE '6. 317 CONM
0.'7700j 315 FORMAT t1H0,F4.1,F6.,1:X:5H:TPE .1PSEII.3'
07720 -18 FORMAT kiN .11X.5H LTPA 1PS5E11.?,
07720 117 FORMAT 'iH .11X.SHI'E_-PL .1PE11.:30
077?30( iL INE = iL INE +3
07-40 IF 'JT)9.96
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I3 ow6 FORMAT *lH+. I 7: X4H:LOW.
i-:77fi 9P ETURN

(I78 DlID
1':4 -7 .- :IJFOIIT INE HI'3HM

:rs:'+ * ******7tUBP'0UTINE HIGHM - -LAYER ELFC._TIC STM ...

C OCTAsL LIST
0782'%2 LAPEL

i-7:. OC H IGHM ..*,.LIPOIJTINF HIGHM - N-LAYER ELA:TIC -:Yr:TEM ...

(178 R?1 ( ETURN

cl-7 (10 :UFROUTIAE CHECI' (K IN.)
07:i:'C + . ..... UPJRJUTINE CHECIC - N-LAYER ELASTIC .YC TEM ***

07 90 ((1 cOMMON *PMCOYRP.,(10)' 22.10'. Ek5' V-51- HH'4'.
0:91: H14', AZ "396. A'.396 95 B -P390S P5). c I-. 5)

'794Z8( D 6 9 %5~ AJ'i396+. FJ1k396)9 P30O396'. TITLE..0.
79 -, (I ~TEC. T .11. FP2(101.P X (594 94m- , SC04) FM-29e'.

'S74 0 PM4t.4 4 4)PR, P, AR. NS-:o
N.4 L P ITNP RS2 P

0j7 90 R( OMP RM,q :r.9 r'. C T
07970 C 'R,. CTP, COMI CMU. P: IP
':7 98 41 1 LINEP NOUTP9 NTESTP I, IrN4.

:79)*LC. JTP T Z PPF.
PA. P. EPP TIPP TIM-

10"I TI- * 729 T3; T4' T5P
T6, T2PP T2M. WA' o P31,
B d P30.o CF, P2z1, 52 9 GI,

ii "4"C 22 PH, PHE, VK2P VpP2 92
NZ fi1 n' V4 4 V1 P4. WKS, RDT P P S

PETLIRM
fr I 1 ENDi
I":: Il IIE_'POUTINE CDFE'IN)

C 3:F FOP FILL PROPLEMS. UP TO MAX DIMENSION OF 1.5 LAYER!7
Hi i~i RPRPOGRMMED) I MAY 198.0 BY L J PAINTER - EXCELLENT ACCURACY

1.18 1 1 00 NOTE DOULE ENTrpIE$z FOP COE5 & C015 PREVIOUSLY USED
12 : * ..#.:UBO~iPIECOEE - N-LAYER ELASTIC SYSTEM 4..

fl:?E14 Ii COMMON1 RMICOY- RR i: I*- Z2'.10)P E(59 V (.5) HH'4,.
0150 *. H'-4,. A (396) A 396 P5'*- P (396,95), 96.5.',

1 k- ~ 3'k-5 A H - 3-6) 9 P. 31< 396' RJ P.3 6 34, T ITLE t'20
TE:-T 11'. B Z .100 (1 X.5.4p4' * SC (4', FM'4).,

I k IPM 4.4.4' .R. R. ri:.
3N. L' I TNv P52. RCR.

R:80 : OM, PNU 7. F. c:_. C2'T.
C.C. 'TPP COM. CM-I 21.

0-L tI1NE 9 NOUTP. NTES T. 1. ITN4.
I- LCY JT. TZ2. PR.

iICi= .. ( PA. Pt EPP TIP. TIM.
71 T2, TI -2. 73 T49 T5.

'en 76 T2PP T2M. WA. B31-
u~~F .- Zl Gu:' IF P2 2.11

80PH. PH2.9 V 2P V P2.P
',--'i-'A '4-P4, VVI'e:?- R. PU

PEALI4P :La*4
I1 (I EIITF,'-" CUE3(0 IN-

ii-' fl~ ENlTRY- C0154 IN,
LC- = 1

--'4" C-M:, :ET UP MAITRIX :: =fUI*MI*flI*PM*D
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A: 5 :C COMPUTE THE MRTPICE :.,P
II:-! :r 1 Ila 10 1I= ,4
(::: 7 T1=E, -*,l . .1, ' EP+1 °' 1. O+V,4

T 1M=T I - .
PH=PFH,

it-: 4t0 PH2=FH*2. 0
ii,-:4 10 VP 2=2. crv ev
0:42i 0 1.. 'P2 =2 . O* V p +1
(:-:43 (1C
". 44 0 VPI : A- 8=8. OcV4' o *V P4 I

0-:4 50 "1 VPP4=2. 0lo P2
084E0 4=2. 0*V 2.
0847 0 ;-: ', 1,1' =I,'4-_'. 0-TI

@'-'4'74 ": (+: -: I T :T Me aPHC-'-Vk 4+ 1 . (v-li ~~A0:.1o
80 f , 4, 1 ' =TMeT IMOP

(t,:,51 (I41C=.? .71*

085%20 T =PH2, .'./'2-1 .t1)
it::5 -: 0 -4= 'Ie.8+ I . 0-- --?. 0 VW P2

08-1,4 0 T,=F.H2e." v'I P2- I . :
,855 0 T = .If 8+ 1. 0- 3. f0../k 2

08570 :-:4.1. 2=T3+T4-T1*(T5+T6'- P
0851;8 0 X V' 2 2.: =T 1 f"VP P4-3. 0:'-1. 0
085,90 :'X. If -_, 2' T IM* o I. 0-PH2-Vk.P4,
0::,6 00AC
0p610 :: .K, 3, 4, :T3-T4-T 1 * (T5-T6"- t. P
08E620L"

OR, 6 ?l (0 T3=PH2#PH-V'(8+1. 0
08-.40 T4=PH2E (VK2-'KP2)
08'650fc

-60 X W, 1:.1,4., = 'T.+T4+VKP2-T I # " T:3+T4+VV2) )'P
08.70 :X' ( 3m 2, = (*-T:3+T4-V.P2+Tl.(T3-T4+V2)' P

08690 . 1p3' =T I M* , I. 0-PH2-V,4.,
08700 k:V , 2, 3" =2.0*T IMOP
08710 -, 3.3 =W 4-3. 0-Ti
08720 K 4 3' 0.0

0873 0C
08740 X ,V 2 4. , =T I Mo ,PH2-'P4+1.0-
08750 -l 1,4 4 =T 1I * ''P4- 3. 0 ) - 1. 0
08760C I = 1

08770 10 I-ONTIUE

08780C COMPUTE THE PRODUCT MTRICEE PM
08790 -:c (N., =4• 0e* V, 'M - I . 0'
08800 IF 'N-2' 13,11l11
08810 11 DO 12 V1=2,N
08820 M=N-klI
08830 C (M.j ::.M+1,:*4.#tVM -1.-
08840 1 CONTINUE

08850 13 CONT I.NUE
0886 0r-
0887 0 ,.1 I. =1
08880
08890 'l1.2=0.
08900 O0 -P*2.*HQ'
08910 IFOO.LT.-88. ' 00=-88.

08920 IF ,.'-88. - 15,15,16
089:30 15 CONT INUE
08940 0v 1 . ' -=E:.P,- t170,
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clA -(C 0-2-1 -i: HOT NEEDED FOP INITIAL IZINS, THE PM MA4TFIN*

:-iLOOP INITIALIZE: FM*N''-
DO fl I 0 ( M1.4

(,E30 LL=M+1 '2

0-UI FM-tl.M. J= :NM.p. CLL,82
(r:. A2( 20 C Or4T I UE
0'030( ( DO 26 k1l=2pN

U -74 P=kNle +

(01060 0':' tP92.*Ht*.,
(I:. i)I7( IF'Q0(.LT.-BS. ) 00-88.
(19080 IF 00-88. A 229 22p~23
09?090 22 CONTINUE

09110'21EP )

09120 '30 TO 24
c I-:0 2:3 CONTINHUE

0':140 -0)O
09 150 0i2' b=1.E20
094160 24 CONTINUE
09l?17 0 DO 25 11=1,4
09180 LL='(M+ Y)'2
0'-4190k DO 25 J=3.4
09200 P'M'IcM.J:.=.Y.IKM,1) * PM-Kq1.J*
019210 t.+X(KqM.2) 0 PMt+-Kpi8tJ') * ('LL, 1)

09220 +2 q.1,-3) *PM (p 3p, I
0 2, (K.X"lM94 * PM'KK94PJ' . .L2

092 25 CONTINUE
5 c 9 0 26 CON T INUE
0,4260C OLVE FOR C '115) AND D N:S)

0 F 13 T 3=Ec. 0 OY f1.
IFS929'a T4 =T3-1. 0

'),f 310 FM I'= P#.'PM'Ji.191-34 .PM (1,p3 9 3) + T-3 .,PM'(1,2,3) -PMt(1.43'

"-'eQ FM'2)= P*'PM1. 1,3:)-PM(1'.3q3)) + T4.' PM(1.2,3)+PM(194..
0 1: ":,( FM' 3)= P-PM1.1,14)+PMtU,394>' + T3*'PM1,q2,4'-PM(1,4,
0-404 FM(4'= P.'PM1. 1,4)-PMr1,3q4)) + T4#LPM(1,2,4)+PM(,44'

cfl35 DFPC= -C I1' ( FM( 1)*FM(4) -FM(3>*FM(2)) *POP)

''17-16'0 H (LC.N = 0. 0
0-37 TA -'.L-C.N5 = 0.0
(1-:8 -a C. tLC ,N:75 = -FM 3) DFAIC
0 :- 9 0 D(LCNZS> = FM'1).IDFAC
09-400ri, BRCKWOLVE FOR THE OTHER A'E'CPD
09-410 DO '91 K 1=1,1
0l'42 0 8~L (0: 1) = (PM (K. 11 3.' .C (LC vNS)+PM (I.,1 1 9 4) OD'(LCNS))'S C:1

019440 C ('LC,VK1) w(PMI'K1 F 3'+) C (LC 9NS) +PM (K 193 p4)#D (LC NS)'SC (K1)
019450 941 D eLC4 1) = PMOK IP49 3'*C .LC N) +PM (K1,P4p,4)OD (LC, NS) 'SC (K1)
0946-0 100 CONTINU4LE
094 70 RETURN
09480 END
09490 :UBROUTINE .IIMEQ *ARB.N4KERRPIDIM'
095 00C : IMEQ
0915 10C THIS 'UBROUITINE ZmLVES: A PV 'STEM OF LINEAR EQUATIONS

095.OCZ X=E BY THE METHOD OF PIVOTAL CONDENSATION. IT IS U$--ED
A: FOR DENSE MATRICES OF COEFFICIENTS.

0954(IC: CALLING ARGUMENTS:
(195 0r r : T HICH O A U DEBYE DUMARINGO COMPUTATION.SO H QAIN-

or: ~ ~ WHC A:TEIAEOFAS DPYE N DMATINO COEFFTAIINTSO. H EIIN

B- 23



rz-5 70C : : THE NlAME OF AN ARRAY CO1ITAININ'3 THE 1-4 COW TANfT>-
C: ti: THE ORDER OF THE :.L*-TEM

033~C: k EFF: IN4 IC ATOP RETURNED BY THE -UDROUT ItE WHkIC(H I-
ONE IF ?w'ZTEM IC :IrNiULARP AND ZERO OTHE'I 1:E.

I-. Pe: ERt Fi COLUMN BY COLUMN.

E F : CR=F F .EP
Ic-err EPP=('

(C- CLEAR OUT PERMUTATION VECTO~r

(Ier.
4

1
1 M *I'=

Iric: LOOP FOP Ni PIVOT POINT'
2 A ~DO 14 P P=lI -ti

frl 1 3C P=0.

0,47 6 DO 7 -1=14

':r?77nIFtMI' '7-4-7
(19 0 4 IF- ' 75.

0 T=A I * 3

TlP=TT
I:I F i IPTC-. ' OR .

1-4-491 *Z P=

iC ON T= I NJ

(IZ~ -F P R O-EPCI?'WP 17. 17. 8
P i -' -'=0C

A (I0C: DIVIDE *EY POW. BY PIVOT
010 1D0 30i -1=1 .9
('30 IF ' L' 3' 3 0.-9 3 0

03940 30 CONTINUE
0:1795 A E:VR=ff'Ip'-P

097ct SUBTPACT MULTIPLE OF KEY POW FROM OTHER ROWI--
--998 DO 14 1=19N

09,'? IF 'I- R.P31.14.31
I10000 "1 P=A ' I - 0 0
10010 DO 331=1.1N
100.20 IF 'L' 3'.' 33-32o:33
10030 32 A'-I 1. '=F4'1I Ja FRAiR (eqJ)
1 004') 33 CON I NIA3
100150 BD-I*'=FiI) -ReI*R
10060 14 CONTINUE

10070C: EORDER RESLTS
1008(1Do 3N IalN

I rft?') IP=M(I.
10100 35 A' P' 1 =D'II
10110 DO 36 1=1,11
101.20 36 F'I' =AII,
20130 RETURN
10140C: ERROR ACTION
101,50 17 tEPPUI
1 016 0 RETURN

10 17f1) END



APPenIDIX C: GUIDE TO USE OF COMIri',R jPROGRAM PAVFVAL,

The: 'omllpUt.,:r progrrv, PAVEVAL .a] culalc:; the .llownli" loa(l-

I'arrying capFucity and the required overlay thickness for rigid and

'lexible pave.ments. A program listing is contained in the report by
3

Weiss. Input guides, typical inputs, and typical outputs are fur-

nished in this appendix for evaluation of load-carrying capability of

both flexible and rigid pavements.

INPUT GUIDE FOR FLEXIBLE PAVEMENTS

Line 1

Title 80 characters

Line 2

ESIJ
NSYS = Number of problems to run

Line 3

EKEY = Limiting strain and stress subroutine oode: set = 2,

for calls to subroutine flex

EKEY2 = Pavement problem code: set = 0, for allowable load

Line 4

ES EA YRN ALOAD ALIN CAREA DSM SWL PCRATI

ES = Subgrade modulus, psi

EA = Asphalt modulus of existing layer

YRN = Yearly load repetition number

ALOAD = Initial load, lb

ALIN - Load increment, lb

CAREA = Contact area (r 
2 ), in.2

C-1
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DSM = Dynamic stiffness modulus, for reference only (any number)

SWL = Set = 0

PCRATIO - Pass-to-coverage ratio

Line 5

NLAY ISMO [IRED

NLAYS Number of layers in pavement system

ISMO = Request for rough computational procedure: set = 0

IRED = Input format for Line 6: set = 0

Line 6-1 through 6-(NLAYS-l) (one for each layer, except last layer)

E(i) NU(i) [THICK(i) I AK(i) I

E(i) = Modulus of layer i

NU(i) = Poisson's ratio of layer i

THICK(i) = Thickness of layer i

AK(i) = Interface compliance: set all AK(i)'s 0

Line 7

E(NLAS)NNLAYS

E(NLAYS) - Modulus of last layer

NU(NLAYS) = Poisson's ratio of last layer

Line 8EI
NLOAD = Number of loaded areas

Line 9 (one for each load)

LOSTRS(i) IRADIUS(i) I X(i) Y(i) HOSTR(i) PSI(i)

LOSTRS(i) = Vertical load for load area i

RADIUS(i) = Radius of loaded area i

C-2



x(i) = Abscissa of center of loaded area: set = 0

Y(i) = Ordinate of center of loaded area: set = 0

HOSTR(I) = Horizontal load for load area i: normally = 0

PSI(1) = Angle of HOSTR(i) with respect to positive X-axis in
in degrees: normally = 0

Line 10

NPOS = Number of depths that will be used for iteration purposes:
set = 2

Line 11-1 through ll-NPOS

LAYER(I)I AX(i) AY(i)I DEPTH(i) I ETA(i)

LAYER(i) = Layer number for position i: set; LAYER(l) = 1, Layer(l)
= NLAYS(last layer)

AX(i) = Abscissa of position: set AX(l) = AX(2) = 0

AY(i) = Ordinate of position: set AY(l) = AY(2) = 0

DEPTH(i) = Depth from pavement surface to position: set; DEITH(1)

= THICK(l), DEPTH(2) = distance from pavement surface
to top of subgrade

ETA(i) = Angle from which position is observed: set 0

TYPICAL INPUT FOR FLEXIBLE PAVEMENT EVALUATION
('1 I::::rl

0 j' I.: I DENIT: P Q .F 30'(, IUSH
0 ' A..: OPTI ON: FOPTPAII
n4$'F.: r1"G3: 060490/1700
0I." l -L E: •TLIT
0,:. 0&: FOPTY: - F:EF
(G' 01: SELECTA: FI4VEVAL
0: 0'.: MOTE: PAVEVFiL
090 :1: EXECUTE
10 01.: L 1111 TS: 30, (O , 15 000
II:,PTPF IA a-0 KIP SINGSLE LINE 1
1a0 1 LINE 2
I.:0 a 0 LINE 3
240 -S'Z20 77000: 2.5000 20000 1000 lI7 1000 0 7.94 LINE 4
15(0 :3 0 0 LINE 5
1601 770000 0.':5 7.5 0 LINE 6-1
170 40:4 0.35 a0.5 0 LINE 6-2
1:-0 8320 0.40 LINE 7
1 ". (I I LINE 8
2f:o 9"00 6. 36 0 0 0 0 LINE 9
210 a LINE 10
220 I 0 0 7.5 0 LINE 11-I
2-(' 3 0 0 Z8. 0 LINE 11-2
Z4 elI, : I, JO0-
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INPUT GUIDE FOR RIGID PAVEMENTS

Line 1

1[Ti Le 80 Char-umters

Line 2

NSYS = number of problems to run

Line 3

EKEY TEKEY2

EKEY = Limiting strain and stress subroutine code: set - 3, for
calls to subroutine RPAL

EKEY2 = Pavement problem code: set = 0, for allowable load

Line 4

DS1,4j FAC jYRN R AL~~OADIALIN 1CAREAI

DSM = Dynamic stiffnes modulus, for reference

FAC = Pass-to-coverage ratio

YRN = Yearly load repetition number

R = Flexural strength, psi

ALOAD = Initial load, lb

ALIN = Load increment, lb

2 .2
CAREA = Contact area (lTr), in.

SWL= set = 0

Line 5

NLAYS ISMO IRE~D

NLAYS = Number of layers in pavement system

ISMO = Request for smooth computational procedure: set = 1

IRED = Input format for Line 6: set = I

C-l7



Line 6-1 through 6-(NLAYS-l) (one for each layer, except last layer)

E(i) NU(i) THICK(i) ALK(i)

E(i) Modulus of layer i

NU(i) = Poisson's ratio of layer i

THICK(i) = Thickness of layer i

ALK(i) = Reduced interface compliance: set; ALK(l) 1000, all
other ALK(i)'s = 0

Line 7

E(NLAYS) INU(NIAYS)

E(NLAYS) = Modulus of last layer

NU(NLAYS) = Poisson's ratio of last layer

Line 8

NLOAD = Number of loaded areas

Line 9 (one for each load)

LOSTRS(i) RADIUS(i) X(i) Y(i) HOSTR(i) PSI(i)

LOSTRS(i) = Vertical load for load area i

RADIUS(i) Radius of loaded area i

X(i) = Abscissa of center of loaded area: set = 0

HOSTR(i) = Horizontal load for load area i: normally = 0

PSI(i) = Angle of Hostr(i) with respect to positive x-axis in
degrees: normally = 0

Line 10

UPOS = Number of depths that will be used for iteration purposes:
set = 1

C-18



Line 11-1. ,hrough 11-NPOS

LAYKR( i AX(i) AY(i) DEPTHi) E.TA )

LAYER(t) = Lay'-r ntumb)er for position i; set, = I

AX(l) = Abscissa of position: set = 0

AY(l) = Ordinate of position: set = 0

DEPTH(1) = Depth from pavement surface to position; set = THICK(l)

ETA(l) = Angle from which position is observed: set = 0

TYPICAL INPUT FOR RIGID PAVEMENT EVALUATION

':1 O-nnH -

0:' 2'0. : I DEtNT : P 0 F:7-: , 0 - I L H
n:-3 A' OPT I ON: FLIPTPArf
.4 :T: : M ,:,: fi.t" 4 .0 I4 1 7 A At
0'S;: 5 : E G Th 1 T

IE. 1:.: FORTY: :..' F7F
0 01.: ..ELECT iA F FVE'." RL
0:: O'f; : NOTE: P FA -kt ,

'05:E::,E CJ -W

1 "I"IS.: LIMIPI':: 30, O,' 150 00
11 0FC:C FOAD ECTION 8 LINE 1
120 1 LINE 2
12:,' :3 0 LINE 3
141: 10o)(1 7.94 2501:0 799 15000 1000 127 0 LINE 4
150 :3 1 1 LINE 5
1 E.0 4 0'0,0 00 0. 15 E. 10 00 LINE 6-1
170 T-:787 0.::.' 10 0 LINE 6-2
1:?f Q 0.47:0 .4' LINE 7
190 I LINE 8
,E)0 ?': 50 0 E. :6. 0 i0 0 0 LINE 9
=,I ) 1 LINE 10
,:' 1 (1 (1 0 - LINE 11-1

'.i,'.1: E9JO :

i Z
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